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Composite photograph showing an interambulacral column observed 
through a luminoscope. See te x t  fo r  discussion.
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ABSTRACT

Inves tiga tion  o f the coronal plates o f the regular echinoid strongy- 

loaentrotus (Echinodermata: Echinoidea) shows that ske leta l growth and 

chemistry may be in te r re la te d .

M icrostructural zonation can be observed in the middle layers of 

interambulacral plates and is best seen with scanning e lectron microsco­

py (SEM). Stereom formed during spring/summer s ke le ta l growth is more 

porous (th inn er trabeculae, la rg e r  in te r tra b ec u la r  channels) compared to 

stereom formed during f a l l /w in t e r  skeletal growth. This zonation may be 

correla ted  with var ia t io n s  in growth rates and may be influenced by an 

in te rac tio n  of environmental factors (temperature, s a l in i t y  and so on) 

with bio logical factors  (physiological cycles, reproductive cyc les).

While growth zonation may be correlated with microstructural zona­

t io n ,  growth zonation is best recorded with X-radiography, or autoradio­

graphy. Analysis o f  the accretionary growth of several interambulacrals  

reveals that synchronous zones can be correlated w ith in  and between in ­

terambulacral columns o f the same in d iv idua l.  Corre lated , synchronous 

zones are used to reconstruct a growth series of the interambulacrum, 

which demonstrates th a t  the addition o f new plates and th e i r  subsequent 

accretionary growth are both important in the overall anisometric growth 

of the te s t .

Compositional v a r ia t io n  can be seen in the middle ske leta l layer of 

the individual interambulacral plates with cathodoluminescence and e le c ­

tron microprobe analysis . Luminescent (manganese-rich, iron-poor) zones

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



are associated with high rates of ske le ta l accretion while non-luminescent 

(manganese-poor, iro n -r ic h )  bands are associated with low rates o f skele­

ta l  accretion. Electron microprobe analysis reveals cyc lica l var ia t io n  

in the calcium carbonate and magnesium carbonate composition of interam­

bulacral p la tes . These varia tions  in ske le ta l chemistry may r e f le c t  cy­

c l ic a l  changes in water chemistry or n u tr ie n t  content.

Analysis o f coronal plates by atomic absorption spectrophotometry 

shows that the bulk composition o f the e n t ire  p la te  varies with i t s  r e la ­

t iv e  position w ith in  the te s t .  Ambulacral plates contain more magnesium 

and less calcium than th e i r  interambulacral counterparts; th is  may be re ­

lated  to differences in porosity , tu b e rc u la r i ty  or mode of growth. Compo­

s it io n a l differences also occur between o ld e r ,  adoral plates and younger, 

adapical p la tes . Magnesium and iron leve ls  increase in progressively  

older plates while calcium levels decrease. Strontium is f a i r l y  con­

stant throughout the interambulacrum.

iv
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PREFACE

Echinoderms are an in te res ting  fauna! group tha t draw the a tten tion  

of b io log ists  and paleontologists . They form an integral part of many 

marine ecosystems (see Moore, 1966, fo r  a general review) and are popular 

among n a tu ra l is ts .  The echinoderm skeleton also draws the in te re s t  of 

medical researchers and materia ls  s c ien tis ts  seeking a precursor fo r  syn­

th e t ic  bone tissue (e .g .  White e t a l . ,  1972; Weber and White, 1973).

Echinoderms, moreover, are important in many geological studies. 

Their skeletal fragments can be primary constituents o f ancient carbonate 

environments ( e .g . ,  Meyers, 1974, p. 838). In some cases, th e ir  a c t iv i ty  

produces trace fo s s ils  such as borings and burrows (see McLean, 1967; 

Bromley and Asgaard, 1975). P a r t ic u la r ly  in te res tin g  is the use of skele 

ta l  elements from echinoderms in studies o f  carbonate geochemistry and 

diagenesis (Schroeder, 1969; Wollast and Reinhard-Derie, 1972; Grover and 

Kubanek, 1983).

The general purpose of th is  study is to examine the skeletal growth 

and chemistry o f the regular echinoid S & io n q y lo czn tn o tu A  and to see i f  

skeletal growth and chemistry are correlated in some way. In th is  manner 

i t  may be possible to underscore the importance o f echinodermal material 

in the geological record.
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REVIEW OF THE ECHINOID SKELETON

The echinoderm skeleton is  composed o f several d iscre te ,  calcareous 

"monocrystalline" elements. Echinoderm c a lc i te  commonly has a high magne­

sium content, ranging from 4 to 16.3 weight percent magnesium (Chave,

1954, p. 270-272). Each element behaves o p t ic a l ly  as a single c ry s ta l ,  

with a few exceptions such as the p o ly c ry s ta l l in e  echinoid tee th . C a lc i ­

f ic a t io n  of these elements is in i t i a t e d  in t r a c e l lu la r ly  or e x t ra c e l lu la r ly  

(outside and/or between c e l ls ) .  While these elements often show charac­

t e r i s t i c  accretionary growth patterns , the e n t ire  skeletal system also 

grows by the addition o f elements.

Many of these features distinguish the echinoderm skeleta l system 

from the hard parts o f  other animal groups (see Table 1, p. 3 ) .  Unlike  

other invertebrates, echinoderms have an endoskeleton; th a t  is ,  the echino­

derm skeleton is in te rn a l ,  o r ig in a t in g  from the mesodermal tissue la y e r .

For th is  reason, modification ( i . e . ,  the absorption and redeposition of  

skeleta l m a te r ia l ,  best known in vertebrates) may be important in the ske­

le t a l  growth of echinoderms (Ebert, 1967, p. 148; Swan, 1966, p. 405).  

Accretionary growth, coupled with growth by add ition , is also a d e f in i t iv e  

feature  o f the echinoderm skeleta l system. The most d is t in c t iv e  feature  

of the echinoderm skeletal system is the monocrystalline character of the 

skeleta l elements. In every other major group o f organisms, skeletal e le ­

ments are p o ly c ry s ta l l in e .  That elements are monocrystalline is espec ia lly  

s tr ik in g  because of the porous microstructure of each element in echinoderms.

Although c a lc i te  is widespread throughout a l l  organisms as a ske leta l  

m ineral, the occurence of ske letal high magnesium c a lc ite  is infrequent.

2
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Table 1: General skeletal charac te r is tics  of some major faunal groups

Group Skeletal
type

Dominant
mineralogy Crystallography Major mode of  

skeletal growth
In i t ia t io n

s ite

Pro tista
Or. Foraminiferida  
Or. Radiolaria

"endoskeleton" C,A,S amorphous to  
polycrystal line accretion in t ra c e l lu la r

Porifera C,A,S amorphous to 
polycrystal l ine

accretion,
"addition"

in t r a c e l lu la r ,
e x tra c e llu la r

Cnidaria exoskeleton C,A po lycrys ta ll ine accretion in t r a c e l lu la r ,
e p i th e l ia l

Mollusca exoskeleton C,A po lycrys ta ll ine accretion in t ra c e l lu la r ,
e p i th e l ia l

Arthropoda exoskeleton C,CP polycrys ta ll ine addition,
molting

in t r a c e l lu la r ,
e p i th e l ia l

Echinodermata endoskeleton C monocrystalline 
skeletal units

addition,
accretion,

modification?

in t r a c e l lu la r ,  
, e p i th e l ia l

Chordata endoskeleton AP,CP po lycrys ta ll ine
accretion,

modification e p i th e l ia l

S ke le ta l type: endoskeleton In d ica tes  th a t s o ft tis s u e  separates skeleton from environm ent; exoskeleton In d ica tes  th a t skeleton Is  exposed to  environment.

M ineralogy: C -  c a lc i te ;  A -  a ra g o n ite ; S -  s i l i c a ;  CP -  calcium  phosphate; AP -  a p a t ite .

S k e le ta l growth: terms defin ed  In  Raup and S tanley (1 9 7 8 ).

In i t ia t io n  s ite :  In t r a c e l lu la r  re fe rs  to  w ith in  c e l l  form ation o f c r y s t a l l i t e s ,  o ften  In  association  w ith  vacuoles; e x tr a c e l lu la r  re fe rs  to  c r y s t a l l i t e  form ation
outside o f c e l ls ,  but w ith in  organism 's body; e p ith e l ia l  is  a major type o f e x tr a c e l lu la r  c r y s t a l l i t e  form ation In  asso ciation  w ith  e p ith e l ia l  
cel Is .

Table based on In form ation In  Boersma (1 9 7 8 ), Eanes and Posner (1 9 7 0 ), K ling (1 9 7 8 ), M cAlester (1 9 6 8 ), Matthews e t  a l .  (1 9 8 2 ), Raup and Stanley (1 97 8 ),
(1 9 7 0 ), and W ilbur (1 98 0 ).



These d is t in c t iv e  features make the chemistry, morphology, generation and 

growth of the echinoderm skeleton worthwhile subjects fo r  inves tiga tion .

G enera lit ies  regarding the echinoderm skeleton are often based on 

studies of echinoids, popularly known as sea urchins (regular echinoids),  

sand dollars  and sea b iscu its  ( i r re g u la r  echinoids). A schematic diagram 

showing the major skeletal features of the echinoid te s t  (or corona) is 

provided in Figure 1 on page 5. D eta ils  regarding echinoid skeletal mor­

phology are ava ilab le  in a number of sources, including Hyman (1955, p. 

414-453) and M e lv i l le  and Durham (1966, p. U220-U257).

Note th a t echinoids co nstitu te  an important group in the geological 

record. Although th e i r  d iv e rs i ty  and abundance are l im ited  during the 

Paleozoic, echinoids are found in a v a r ie ty  o f Paleozoic s tra ta  (K ie r ,  

1965, p. 453; Durham, 1966, p. 385). Echinoid d iv e rs i ty  increases drama­

t i c a l l y  during the Jurassic, with the establishment of several new orders 

(K ier, 1974, p. 82).  Nearly nine hundred species of echinoids currently  

ex is t in the marine environment ( i b i d . ,  p. 85) and echinoids are , perhaps, 

"more successful now than a t  any time in the past" (Durham, 1966, p. 390). 

C learly , the echinoids m erit fu r th e r  study.

Skeletal formation and growth

The la rva l skeleton

Many studies of ske leta l formation and growth in echinoids focus on 

skeletal development during the la rva l phase, b e tte r  known as the echino- 

pluteus or pluteus stage. Skeletal formation may begin as early  as the 

blastula phase (Bevelander and Nakahara, 1960, p. 4 5 ) ,  but these early

4
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ambulacrum
III

periproct (covered by p lates)

^^ -m ad rep o rite  

ocular p la te
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in te rra d ia l

suture

•pore pairs

interambulacrum

lantern teeth

buccal plates
tuberclesperistome

perradial
suture adradial
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Figure 1 . Schematic diagram of EclUnus t e s t  (Recent), spines removed, 
showing: (A) aboral (adapical) surface; (B) adoral surface, 
approximately natural s ize .  Redrawn from M e lv i l le  and 
Durham (1966, p. U222).

5
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skeletal elements are not important in subsequent ske letal development. 

Autoradiographic studies show th a t  c a lc i f ic a t io n  is  an in tegra l part o f  

the gastru la tion  process which leads to pluteus formation from the b las-  

tu la  (Okazaki, 1975, p. 208).

At the onset of g a s tru la t io n ,  in t r a c e l lu la r  c a lc i t i c  granules (the  

"spicular rudiment" o f some workers) appear in association with mesenchy­

mal ce ll aggregates. Subsequently, the granules become more t r ia n g u la r  

in form, eventually  coalescing in to  t r i r a d ia te  spicules. Continued 

branching and coalescence o f the spicules leads to the formation of ske­

le t a l  arm rods (Hyman, 1955, p. 490) and the b asket-l ike  skeleton of the  

four-armed pluteus (Okazaki, 1975, p. 210).

During the la te  la rv a l  (advance pluteus) stage, invagination of the  

ectodermal wall forms the "echinus rudiment", or imaginal d isc . I t  is in 

the rudiment th a t  the adu lt mouth and lantern form, as the young urchin 

develops w ith in  the la rv a l  body ( i b i d . ,  p. 220). In addition to the la n ­

te rn ,  a number of te s t  elements, i . e . ,  the coronal p la tes , f i r s t  form in 

the echinus rudiment (Gordon, 1926, p. 263-280; Gordon, 1929, p. 290-298, 

308-310). Elements such as the genita l plates form in Lhe dorsal surface 

of the pluteus. When the pluteus is  4 to 6 weeks o ld , the young urchin 

escapes through the la rv a l  encasing and the skeletal arm rods break o f f .

A newly metamorphosed ju ven ile  urchin is ,  on the average, about 1 

irni in diameter and has several ske letal elements, including genita l and 

ocular p la tes , buccal p la tes ,  spines, ped ice lla r iae  and lan tern  elements. 

I t  also has from three to ten coronal plates per column. At the time o f  

metamorphosis, a l l  ex is t in g  coronal plates l i e  on the oral surface and the

6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



apical system covers the e n t ire  aboral surface (Hyman, 1955, p. 500). As 

growth continues, the apical system covers proportiona lly  less o f the ab­

oral surface. A ll  the types o f  skeletal elements observed in adult u r ­

chins are present in the newly metamorphosed ju ven ile  such th a t  ju v e n ile  

urchins are s im ila r  to th e i r  adult counterparts.

Post larva l ske le ta l growth: addition of plates

Growth continues in ju v en ile  echinoids and i t  is uncertain whether 

growth ever ceases e n t i re ly  in adult echinoids. As the echinoid grows, 

the te s t  increases in s ize to accommodate the expansion o f  so ft  t issues.  

O vera ll,  the addition  o f new coronal plates and the subsequent accre tion ­

ary growth of these elements generates te s t  growth.

While the addition o f new plates appears unending in most regular  

echinoids, there  is an upper l im i t  to the to ta l  number of coronal plates  

in most i r re g u la r  echinoids. The proportion of ambulacral plates to in t e r ­

ambulacral p la te s ,  moreover, also changes as the te s t  grows.

During e a r ly  stages of post-la rva l growth, the number o f  ambulacral 

plates per column is equivalent to the number of interambulacral plates  

per column (Swan, 1958, p. 510). This p ro p o rt io n a lity  does not continue 

throughout the l i f e  of the regular echinoid.

Coronal p la tes  i n i t i a l l y  form a t the perimeter of the apical system

and are d is located towards the peristome as newer plates form (M arkel,

1981, p. 37).  Complete reabsorption of coronal plates near the peristome, 

a common hypothesis among ea r ly  workers, does not occur in most regular  

echinoids ( i b i d . ,  p. 50).

I t  is surpris ing th a t the re la tionsh ip  between the numbers of coronal

7
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plates  and te s t  diameter can vary within one species. See, fo r  example, 

Table A - l  of the appendix which is duplicated from Mortensen (1943, p. 

206). Individuals of the same species and with s im ila r  horizontal d ia ­

meters (the ambital diameter of some workers) d i f f e r  substantia lly  in 

number of coronal plates (compare specimen 2 with specimen 20 in Table 

A - l ) .  Conversely, individuals  with equal numbers of coronal plates may 

vary s ig n if ic a n t ly  in te s t  diameter (contrast specimen 1 with specimen 

13 in Table A - l ) .  The type of data presented in Table A - l  may be useful 

in examining geographical var ia tion  in echinoids.

P ost-larva l ske leta l growth: accretionary growth

Test growth also resu lts  from the accretionary growth of coronal 

p la tes . In adult ir re g u la r  echinoids, with f ixed  numbers of te s t  p lates,  

coronal growth is la rge ly  caused by ske letal accretion. How accretionary  

growth is re la ted  to the addition of new coronal plates in regular echi­

noids is not e n t i re ly  understood.

Accretionary growth leads to  the development of growth zones or 

l ines th a t  have been recognized in several echinoid genera (Moore, 1935, 

p. 116-121; Durham, 1955, p. 78; Swan, 1966, p. 405). Such zones also 

occur in other echinoderms, including crinoids (Meyer, 1965, p. 1208) 

and blastoids (Macurda, 1966, p. 92 ) .  In echinoids, growth zones form 

in coronal plates as well as other ske leta l elements, i . e . ,  plates of 

the apical system (Moore, 1935, p. 116) and spines (Weber, 1969b, p. 452).

Growth zones occuring in coronal plates are a c tu a lly  in ternal fe a ­

tures (Pearse and Pearse, 1975, p. 732) and.therefore are not always 

re ad ily  apparent. A v a r ie ty  of preparation techniques such as grinding,

8
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acid etching, charring and o i l  immersion may be necessary to  reveal zones 

more c le a r ly  (Durham, 1955, p. 76; Jensen, 1969, p. 4 2 ) .  Perhaps the 

most e f fe c t iv e  means of showing growth zones in coronal plates is through 

X-radiography (Pearse and Pearse, 1975, p. 733).

Pearse and Pearse (1975, p. 741-742) characterized the growth zones 

of coronal p la tes  using these methods (see Table 2 ) .  In th e i r  observa­

t ions , opaque zones (zones th a t in h ib it  the transmission of X-rays) ap­

peared l ig h t  in re f lec te d  l ig h t ,  dark in transm itted l ig h t .  The proper­

t ie s  of translucent zones (zones th a t allow X-ray transmission) were the 

converse of those of opaque zones.

Experimentation with laboratory-reared echinoids suggests tha t opaque 

zones form during times of increased food supply and decreased tempera­

tures ( i b i d . ,  p. 742).  These conditions normally occur during the f a l l /  

winter season in the organism's geographic range. Translucent zones pre­

sumably develop under conditions of decreased food supply and increased 

temperatures ( i . e . ,  spring/summer season). Based on these observations, 

Pearse and Pearse (1975, p. 742) argued th a t  growth zonation in echinoids 

probably is  a seasonal phenomenon.

Growth zones can also be characterized on the basis of microstructu­

ra l features ( i b i d . ,  p. 735). Opaque zones, fo r  example, are a denser 

meshwork with smaller (less than 15 ym diameter) pores and th icker trab e ­

culae r e la t iv e  to  translucent zones. These fea tures , moreover, are con­

s is ten t with the X-ray transmission properties of opaque and translucent 

zones. Observations of experimentally-induced zones ind icate  tha t opaque 

zones are corre la ted  with high growth rates whereas translucent zones are 

correlated w ith  low growth rates ( ib id . ,  p. 739).

9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE 2

Characteri sties Zone type
OPAQUE TRANSLUCENT

REFLECTED LIGHT LIGHT DARK

TRANSMITTED LIGHT DARK LIGHT

INTERTRABECULAR CHANNELS SMALLER LARGER

TRABECULAR DIAMETER LARGER SMALLER

ORIENTATION GREATER LESSER

ETCHING SLOWER FASTER

GRINDING/WEATHERING POSITIVE RELIEF NEGATIVE RELIEF

GROWTH RATE FASTER SLOWER

FOOD SUPPLY HIGH LOW

TEMPERATURE LOW HIGH

SEASON FALL/WINTER SPRING/SUMMER

Appearance: In reflec ted  1 ig h t, "1 ight" zones r e f le c t  more lig h t re la tiv e  to"dark" zones and 
hence have a lig h t appearance.
In transm itted 1ig h t, "dark" zones transm it more lig h t re la tiv e  to "dark" zones 
and hence have a lig h t appearance.

M icrostructural
features: Trabecular diameter, i . e . , the thickness of c a lc it ic  rods, is "smal le r " (15 mand 

less) in translucentzones, " la rger" (20 mand more) in opaque zones. 
In tertrabecu lar channels, i . e . ,  pore spaces, are "sm aller"in  opaque zones (in  asso­
c ia tio n  with la rger trabecular diameters) and " la rg e r" in  translucent zones ( in  as­
sociation with smaller trabecular diam eters).
Degree of o rie n ta tio n , i . e . , morphological organization of the skeleta l meshwork, 
is  "g reate r" in  opaque z o n es ," les s e r" in  translucent zones.

S truc tu ra lly  related
features: Etching, i , e . , d isso lu tion  of ske leta l m ateria l in acidic solutions,occurs at a 

"s low er"rate In opaque zones and a " fa s te r" ra te  in translucent zones. 
Grinding/weathering, i . e . ,  abrasion/erosion processes, produces "pos itive  r e l ie f"  
in opaque zones, "negative r e l ie f "  in  translucent zones.

Environmental/seasonal
charac te ris tics : These are la rge ly  self-exp lanatory  and are based on observations of laboratory- 

reared urchins. These ch aracteris tics  may d i f fe r  In other echlnoids.

(M O DIFIED FROM PEARSE AND PEARSE, 1975, P, 7A1)
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Questions regarding growth zonation in echinoids s t i l l  remain. While 

d i f f e r e n t ia l  growth rates apparently cause zonation, a s a t is fac to ry  ex­

planation (reproductive p e r io d ic i ty ,  environmental f lu c tua tion?) fo r  d i f ­

fe r e n t ia l  growth rates has not been determined. More importantly, i t  must 

be resolved i f  growth zones can be u t i l i z e d  to  examine the ontogenetic 

history  of echinoids. Such information would be p a r t ic u la r ly  useful in 

paleontological studies.

Skeletal microstructure

Echinoderm skeleta l m ateria l has a d is t in c t iv e  microstructure best 

revealed through scanning e lectron microscopy (SEM). The porous skeleton  

is a f in e  meshwork of interconnecting c a lc i t ic  rods (trabecu lae),  s im ila r  

in appearance to  commercial p la s t ic  foam. This inorganic portion of the  

skeleton is frequently  called the stereom. When the organism is a l iv e ,  

the pore spaces ( in te r tra b e c u la r  channels) are f i l l e d  with soft t issues ,  

termed the stroma by some workers. Whether any of th is  organic materia l  

serves as an organic matrix in ske le ta l formation is uncertain (see 

Currey and Nichols, 1969; Trav is , 1970; Shimizu and Yamada, 1980; Loeper 

and Pearse, 1982 fo r  a thorough discussion).

SEM studies of ske letal m eteria l from echinoids have provided con­

siderable information regarding the function and taxonomic importance of 

the coronal skeleton. M icrostructural features of coronal p la te  surfaces 

were described in papers by O ld fie ld  (1976) and Regis (1977). An exten­

sive investiga tion  of coronal pores in ambulacral plates by Smith (1978) 

re la ted  the microstructural d e ta i ls  to  the function of the associated o r­

ganic m a te r ia l .  In a s im ila r  study, Smith (1980) correlated stereomic
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patterns with the functions of associated soft t issues. He concluded 

(1980, p. 76-77) th a t  stereomic microstructure is p rim arily  contro lled  by 

the in te rac tio n  of phylogeny, associated stroma, growth ra te  and, to a 

lesser extent, environmental fa c to rs .

In SEM studies, m icrostructural features re lated to  growth are often  

d i f f i c u l t  to d is tingu ish . M icrostructural zonation (see Table 2) is in 

fa c t  characterized from observations of th in  sectioned ske le ta l materia l 

using l ig h t  microscopy (Pearse and Pearse, 1975, p. 734-736). The d i f f i ­

cu lty  of detecting m icrostructural zonation may be caused by the th ree -  

dimensional framework of the ske le ta l mesh ( ib id . ,  p. 734). A l te rn a t iv e ­

ly ,  some c h a ra c te r is t ic  d ifferences in the microstructure of opaque and 

translucent zones ( i . e . ,  trabecu lar diameter and in te rtrab ecu la r  channel 

s ize ) may be obscure.

Crystallographic features  of the echinoderm skeleton

Monocrystalline nature of ske le ta l elements

Much of the o r ig in a l  work in the area of echinoderm crystallography  

is based on optica l methods developed by German researchers (reviewed by 

Raup, 1959, p. 661-663). Studies using optica l methods and, la t e r ,  X-ray 

d i f f ra c t io n  studies (e .g . ,  West, 1937, p. 459) indicate th a t  individual  

skeleta l elements ty p ic a l ly  are monocrystalline, although some elements 

are p o ly c ry s ta l l in e  ( e .g . ,  tee th  of the lantern apparatus in echinoids; 

see Prenant, 1926, p. 36 ) .  Despite these studies, there is some d is ­

agreement regarding the crysta llographic  nature of ske leta l elements in 

echinoderms.

Some confusion resulted from the observation tha t features such as
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the tubercles on echinoid plates are p o ly c ry s ta l l in e ,  ye t occur in cry­

sta l lographic continuity  with the p la te  (Raup, 1965, p. 935; Towe, 1967, 

p. 1049). Donnay and Pawson (1969, p. 1149) suggested th a t  the mechani­

cal action of the spine on the tuberc le  can cause the tubercle  to  become 

p o lycrys ta ll ine  during growth.

Observations of c r y s ta l l i t e s  on fractured surfaces of echinoderm 

c a lc ite  also suggests th a t the ske le ta l c a lc i te  of echinoderms may be 

p o lycrys ta ll in e  (O 'N e i l l ,  1981, p. 647). Such evidence is not equivocal 

because the c ry s ta l l i t e s  may instead be a r t i fa c ts  of fra c tu r in g  (see d is ­

cussion of microtome-induced a r t i f a c t s  in echinoid la rv a l  skeleton by 

Urakami e t a l . ,  1980, p. 181-185). The novel approach of c rysta l decora­

t io n  coupled with SEM observations fu r th e r  substantiates th a t  most skele­

t a l  elements are monocrystalline (Dillaman and Hart, 1981, p. 316). This 

method, f i r s t  developed by Okazaki e t  a l .  (1980, p. 161-163), can also 

detect any var ia tion  in the a-axis  o r ien ta t io n .

Crystallographic o r ien ta t io n  of echinoid c a lc i te

Regardless of the crysta llographic  nature of ske le ta l elements, con­

siderable var ia t io n  in crysta llographic  orien tation  occurs, providing a 

number of generalized patterns. Crystallographic o r ien ta t io n  can vary 

with phylogeny (echinoid vs. a s te ro id ) ,  type of ske leta l element ( in te r -  

ambulacral vs. ambulacral p la te ) ,  and/or ontogeny (a young p la te  vs. an 

old p la te ,  w ith in  a column). Deta iled study of c-axis  o r ien ta t ion  pat­

terns in echinoids ( fo s s i l  and Recent) indicated th a t  such patterns pro­

vide a possible taxonomic c r i te r io n  a t the ordinal level (Raup, 1962, 

p. 809).
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Raup reported changes in the crystallographic o r ien ta t io n  ( i . e . ,  the  

c-axis o r ien ta t io n )  of coronal plates in the echinoids Hemtcen&iotuA  and 

Lyte.du.nuA (1960, p. 1047). He suggested th a t  th is  v a r ia t io n  along a 

column may be related to  photosens it iv ity  and l i f e  habits of these orga­

nisms ( i b i d . ,  p. 1049-1050). Ontogenetic var ia tion  in H m le en tn o tu A  is 

p a r t ic u la r ly  s tr ik in g  because th is  va r ia t io n  is not observed in other 

genera of the same fam ily . Recall th a t  c-axis  o r ien ta t io n  patterns are 

thought to be stable a t the ordinal le v e l .

L i t t l e  is known about the o r ien ta t io n  of the a-axes. Okazaki e t  a l .  

(1981, p. 412 and 414) note th a t  d i f fe re n t  subplates (compartments) of the 

same ambulacral p late  vary in a-axis  o r ien ta t io n .  Although subplates vary 

in a-axis  o r ien ta t io n , a l l  subplates of the same ambulacrum share a com­

mon c-axis o r ien ta t io n . Additional research in th is  area would provide 

substantial insight to the crysta llographic  nature of the echinoderm 

skeleton.

Skeletal chemistry

Major elements

Calcium is the major cation present in both biogenic and non-biogen­

ic c a lc i te .  Other cations ( e .g . ,  magnesium, strontium, trace  amounts of 

iron) may substitute  fo r  calcium in the c a lc i te  l a t t i c e .  Magnesium, fo r  

example, is often incorporated in the ske leta l c a lc i te  of echinoids and 

other echinoderms. The carbonate portion of echinoid c a lc i te  does not 

show var ia t io n  in elemental composition, although some var ia t io n  in the 

isotopic composition does occur.

Studies of echinoid ske le ta l chemistry often concentrate on the high
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concentration of magnesium, f i r s t  reported by Clarke and Wheeler (1915, 

p. 193). This aspect of ske le ta l chemistry has a ttrac ted  the a tten tion  

of geologists interested in carbonate diagenesis ( e .g . ,  MacQueen and 

Ghent, 1970) and protodolomite formation (e .g . ,  Schroeder e t  a l . ,  1969). 

Like the patterns of crysta llograph ic  orien tation  observed in echinoids, 

magnesium concentration varies taxonomically and morphologically. Magne­

sium content is also believed to vary with environmental parameters such 

as temperature. I t  is in te res tin g  to  note th a t  magnesium concentration  

also varies w ithin an individual ske le ta l element, i . e . ,  magnesium is 

d is tr ibu ted  heterogeneously w ith in  s ingle  skeletal elements.

Magnesium concentration is somewhat lower in the echinoid te s t  (an 

average 12.3 wt percent MgCO ;̂ see Weber, 1969a, p. 551) than in the 

skeleton of other echinoderms (12 .5  wt percent MgCOg in crino ids; 13.8 

wt percent MgCOg in ophiuroids and holothuroids; 14.0 wt percent MgCOg 

in asteroids; ib id . ,  p. 552-553). Early studies also suggest th a t  mag­

nesium content is variab le  at lower taxonomic levels ( e .g . ,  Terentieva, 

1932, p. 49 -50 ).  Recent evidence, however, implies th a t  the var ia t io n  

noted at lower taxons is a c tu a lly  re la ted  to the geographic range and 

environmental preferences of lower taxon groups (Weber, 1969a, p. 551- 

555).

There is extensive documentation th a t  d i f fe re n t  types of ske leta l  

elements from one ind ividual vary in magnesium concentration (Clarke and 

Wheeler, 1915, p. 192; Terentieva, 1932, p. 49 -50 ).  In echinoids, spines 

are generally lowest in magnesium and te s t  elements are highest (Weber, 

1969a. p. 545-546). The spines of Eckinom &tna lu c u n te / i , fo r  example, 

contain about 7.4  wt percent M g C O g  whereas the te s t  contains 14.7 wt
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percent MgCOg.

Magnesium concentration of ske le ta l c a lc i te  in echinoderms is also  

re la ted  to environmental temperature, as o r ig in a l ly  observed by Clarke 

and Wheeler (1915, p. 195). Subsequent work shows th a t  the magnesium 

content of the te s t  increases with increasing environmental temperature 

( e .g . ,  Chave, 1954, p. 277; Davies e t  a l . ,  1972, p. 879). Magnesium "de­

pendence on temperature" varies with species and d i f fe r e n t  ske le ta l com­

ponents (Weber, 1969a, p. 550-551).

Electron microprobe analyses of echinoid ske le ta l elements have 

shown th a t  magnesium is often d is tr ib u ted  heterogeneously within in d iv i ­

dual ske le ta l components, varying as much as f iv e  mole percent within  

one ske le ta l element (Schroeder, 1969, p. 1061; Schroeder e t  a l . ,  1969, 

p. 1614; Fowler, 1972, p. 210; MacQueen et a l . ,  1974, p. 67 ) .  In a stu­

dy of echinoid plates and spines, Fowler (1972, p. 81-100) argued that  

th is  heterogeneity resu lts  from temperature f lu c tu a tio n s  during accre- 

t ionary  growth of the ske le ta l component. Davies e t  a l .  (1972, p. 879- 

882) carr ied  out a series of spine regeneration experiments and found that  

growth also a ffects  magnesium d is tr ib u t io n .

Minor and trace elements

A number of other elements, including strontium and trace  amounts of 

iron and manganese, are often present in the ske le ta l c a lc i te  of ech i­

noids. In echinoids and other echinoderms, the amount of strontium in ­

corporated in skeletal c a lc i te  is  low, ranging from 0.10 to  0.20 percent 

dry wt (Thompson and Chow, 1955, p. 35-36 ). Unlike magnesium, strontium  

does not vary appreciably in d i f fe re n t  taxa.
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Some evidence suggests th a t there is an inverse re la t io n sh ip  between 

strontium levels in echinoid c a lc i te  and environmental temperature (Pi 1- 

key and Hower, 1960, p. 210-211). This is ,  however, d i f f i c u l t  to demon­

s tra te  (see Fowler, 1972, p. 170) and requires additional study.

Davies et a l .  (1972, p. 880) indicated th a t  some growth-related fac ­

to r  may influence strontium d is tr ib u t io n  w ith in  ind ividual ske leta l com­

ponents. In th e i r  study of spine regeneration, they found th a t  strontium 

content was highest at the growing edge of the  regenerating spine ( ib id . ,  

p. 880). They did not observe any systematic var ia t io n  of strontium con­

centration with temperature ( ib id . ,  p. 879).

Reviews of chemical composition in marine organisms suggested tha t  

several trace elements also occur in the echinoid skeleton ( e .g . ,  Vino­

gradov, 1953, p. 252; E is le r ,  1981, p. 427-455). An e a r ly  analysis of an 

echinoid te s t  by Noddack and Noddack (1939, p. 33) revealed the presence 

of the fo llowing: antimony, arsenic, bismuth, cadmium, chromium, cobalt, 

copper, gallium, germanium, gold, iron , lead, manganese, molybdenum, nick­

e l ,  s i lv e r ,  th a ll iu m , t i n ,  t i tan ium , vanadium and zinc .

Other elements reported in echinoid c a lc i te  include: aluminum (Vino­

gradov, 1953, p. 252), barium ( i b i d . ,  p. 265),  cerium (E is le r ,  1981, p. 

433), and cesium ( i b i d . ,  p. 433). The occurence of barium, iron , lead, 

manganese and zinc is  p a r t ic u la r ly  s tr ik in g  because these elements are 

known to form carbonate minerals and may substitu te  fo r  calcium in c a l ­

c i te  or aragonite.

Trace elements in general may be re la ted  to  environmental parameters 

(see Eisma e t a l . ,  1976), although such studies are not e n t i re ly  conclu­

sive. Potentia l application  of trace element data in echinoids remains
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l im ited  because so l i t t l e  is known about how trace element levels  vary. 

C learly , additional research on minor and trace elements in echinoid ske­

le ta l  material is needed.

Isotopic composition

Information regarding isotopic composition, p a r t ic u la r ly  stable iso­

topes, may also be helpful in considering the ske letal chemistry of echi­

noderms. Our re s tr ic te d  knowledge of isotopic composition in echinoderms 

is based e n t ire ly  on studies of echinoid material but nonetheless provides 

some in teresting  observations. Unlike the skeletal material of molluscs, 

brachiopods and fo ram in ifera , th a t of echinoids is highly fractionated  

(Dodd and Stanton, 1981, p. 160) and is enriched in carbon-12 (C12) re la ­

t iv e  to  sedimentary carbonate (Weber and Raup, 1966a, p. 682).
13Thorough examination of isotopic composition reveals th a t  6C and

1860 values vary s ig n if ic a n t ly  w ithin an individual echinoid (Gross,

1964, p. 174; Weber and Raup, 1966a, p. 685-702; Weber and Raup, 1966b, 

p. 708-709). Spines, fo r  example, are generally enriched in carbon-13
10 1 Q

and oxygen-18 (SC = -0 .2 4 ,  sO = -0 .98  fo r  L y t& c k in iu  sp. )  re la t iv e  

to te s t  components (6C 13 = -1 .42 ; 6018 = -1 .12 )  of the same individual 

(Weber and Raup, 1966b, p. 708). Despite diagenetic a l te ra t io n ,  a simi­

la r  re lationship  can be observed in fo s s i l  echinoids (Gross, 1964, p. 174; 

Weber and Raup, 1968, p. 47) .

Some var ia tion  in isotopic composition within the individual echi­

noid may be linked to ontogenetic fac to rs .  Analyses of coronal plates

13from an interambulacral series indicated enrichment in C in older in te r -  

ambulacral plates ( s C ^  = -2 .32  in younger interambulacrals, 6C18 = -1.69

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in older interambulacrals; data from Weber and Raup, 1966a; p. 689-692).  

Sim ilar trends could be observed in the isotopic composition of plates  

from an ambulacral se r ies .

Results of stable  isotope analyses of several echinoid genera may de 

note th a t  phylogenetic factors  also influence isotopic composition (Weber

and Raup, 1066b, p. 714-720). In the fam ily  Strongylocentrotidae, the
13 1ftaverage 6C value was -2 .63  and the average 60 value was -1 .37  (based

on analyses of tests  of 27 specimens; ib id . ,  p. 714-715). In Cidaridae,
13 1ftaverage 6C was -3 .92  while average <50 was -2.11 (23 specimens ana­

lyzed).

I t  is not c lear whether environmental parameters a f fe c t  isotopic
13 18composition. Indications th a t 6C and 60 are somewhat temperature 

dependant ( ib id . ,  p. 709) should be fu r th e r  investigated.

Weighing the a va ilab le  data, Weber and Raup concluded th a t  v a r ia b i l i  

ty  in isotopic composition of echinoids is p r im arily  contro lled by phy­

s io log ica l and genetic fac to rs .  Environmental factors  play a secondary 

ro le  a t most ( ib id . ,  p. 720). They also suggest th a t  the underlying 

physiological mechanisms th a t control isotopic composition should be 

examined fu r th e r .
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OVERVIEW OF THE STUDY

Despite the importance of echinoids and growing in te re s t  in the ske­

le ta l  material of these organisms, questions regarding th e i r  skeletal  

growth remain. I t  is unclear, fo r  example, whether accretionary growth 

causes or is re la ted  to any chemical heterogeneity w ith in  ske leta l e le ­

ments. Whether ske letal chemistry varies ontogenetically  is also uncer­

ta in ,  despite studies regarding v a r ia t io n  in elemental composition. A l­

though growth zonation is  well documented in several echinoid genera, i t  

is not e n t ire ly  understood how growth zonation is re lated overall te s t  

growth. Such information would increase our understanding of echinoid 

biology as well as provide information useful in studies o f paleoecology 

and carbonate geochemistry. The general purpose of th is  study, there fore ,  

is to examine ske letal growth and chemistry in echinoids and to determine 

how growth and skeletal chemistry may be re la ted .

Statement of Purpose

In th is  study, ske letal growth and chemistry w i l l  be examined by 

pursuing the spec if ic  objectives outlined below.

(1) Description of m icrostructure and features re la ted  

to growth zonation.

(2) Observation of growth zones in skeletal components.

(a) co rre la tion  o f zones from d i f fe re n t  coronal p la tes;

(b) demonstration o f  the re la t io n sh ip  among plates of 

a single column and homologous plates from d i f f e r ­

ent columns;
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(c) app lica tion  of correlated zones to analysis o f  

the ontogeny of the e n t ire  te s t .

(3) Determination o f chemical zonation within ske leta l  

components

(4) Examination o f  chemical compositions o f coronal plates  

and explanation of v a r ia b i l i t y  in skeletal chemistry

(a) determination of calcium, magnesium and strontium  

concentrations in plates from an ambital series;

(b) determination of calcium, magnesium, strontium, 

and, where possible, iron and manganese concen­

tra t io n s  in plates from an interambulacral ser ies .

Limiting the study to one genus is the best means fo r  pursuing these 

objectives and studying ontogenetic v a r ia b i l i t y .  In th is  way, the v a r ia ­

b i l i t y  in skeletal chemistry and growth at subgeneric leve ls  can also be 

investigated. Documentation o f subgeneric v a r ia b i l i t y  could provide some 

insights regarding the importance o f skeletal growth and chemistry in the 

taxonomy and evolution of echinoids. Should th is  method be successful, 

i t  could also be applied to fu ture  studies of other echinoids and echino­

derms .

Documentation o f subgeneric v a r ia b i l i t y  may also provide information 

tha t could be relevant to ecological and paleoecological studies. I t  

could provide a c r i te r io n  fo r  recognizing environmental parameters such 

as temperature and s a l in i t y  from biogenic c a lc i te s .

I t  is important to select an appropriate genus fo r  th is  study in or­

der to understand how skeletal growth and chemistry may be re la ted .
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Selection of an appropriate genus fo r  study

S u i ta b i l i ty  of StA ongyioccntA otuu  fo r  th is  study

F a m il ia r ity  with the Recent genus StA ongyloczntA otuA  (Brandt, 1835) 

was a primary reason fo r  selecting i t  as the subject of th is  investiga­

t io n .  This genus is ,  in fa c t ,  well suited fo r  the purposes of th is  study

fo r  several reasons outlined below.

(1) A sizable body of l i t e ra tu r e  regarding StAong y io c c n tA o tiu  

indicates th a t the biology of th is  genus is well known 

r e la t iv e  to th a t  of many other echinoid genera. This 

information may be very helpful and may give insights 

regarding ske leta l growth and composition.

(2) Growth zones in StAong y lo cc n tA o tiu , are eas ily  shown.

This genus is often the subject of studies of echinoid 

growth (e .g . ,  Pearse and Pearse, 1975; Ebert, 1967;1968).

(3) This genus is fa m i l ia r  to  many workers and i ts  taxonomy 

is well defined (see Jensen, 1974; 1982 fo r  recent re ­

views).

(4 ) Many species of th is  genus occur in t e r t id a l ly  and at

shallow depths. Specimens fo r  study can therefore be

read ily  co llected .

(5) StA.ongyioczyvtA.otLU> has an extensive geographic range in 

the Northern Hemisphere, over a wide la t i tu d in a l  and 

longitudinal range (see Jensen, 1974). This f a c i l i ­

ta tes  the a v a i la b i l i t y  of specimens and would permit 

la te r  expansion of th is  study into ecological and bio- 

geographical areas.
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Ecology of StAongyZocentnotuA

Like other echinoderms, StAongyZocentnotuA  is s t r i c t ly  marine and 

occurs in waters of normal s a l in i ty .  StAongylocentAotuA is generally  

considered to  be a cool water organism and i ts  d is tr ib u t io n  ranges from 

polar to  temperate zones (Jensen, 1974. p. 134-135). The range of some 

species, such as S. ^ n d A c a n u A  may extend s l ig h t ly  below 30° la t i tu d e ,  

perhaps as a re s u lt  o f varia tions in major ocean currents.

Biogeographical maps in Figure 2 ( i b i d . ,  p. 134-135) show the d is ­

t r ib u t io n  of the species investigated here. s. dAoebachienAiA has an 

extensive range and occurs in both the Eastern and Western Hemispheres.

S. puApuAatuA and S. jnanciAcanuA, on the other hand are re s tr ic te d  to 

the P ac if ic  Ocean.

In general, StAongyZoc&ntnotuA  is thought to  be a shallow ( 100 m)

water, or l i t t o r a l ,  organism. Many species are, in f a c t ,  i n t e r t id a l ,  

l iv in g  in the lowermost portion of the in te r t id a l  zone (Mortensen, 1943, 

p. 214 ).  Figure 3, from Jensen (1974, p. 135), shows the bathymetric 

range of each species. The depth a t  which a species commonly occurs is  

sometimes narrower than the bathymetric range indicated in Figure 2.

S. dAoebachienAiA , fo r  example, normally occurs between 0 and 50 m, a l ­

though i ts  range extends from 0 to 300 m (Jensen, 1974, p. 135).

StiongyZoccntAotuA, l ik e  other regular echinoids, is  epibenthic or 

epifaunal and may occur on a var ie ty  of substrates. 5 . puApuAaXuA pre­

fers hard-bottom or rocky substrates in coastal waters with high energies 

(Mortensen, 1943, p. 240; Kozloff , 1973, p. 174). In te r t id a l  populations 

of S. dAoebackienAii, and S. 6na.nciAca.nuA are also associated with hard
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S . d r o a b a c f i i # n i l i ■
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Figure 2. Geographic d is tr ib u t io n  of (A) S. 6fia.nciAca.nuu>; (B) S. pu.fi- 
pu fia tu A , and (C) S. dfioe.baclUc.nAiA. Reproduced from Jensen, 
(1974, p. 134-135).
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Figure 3.
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2 0 0 0 . .

Bathymetric range o f S frio n g ijlo c e n & io tu s , by species. Species 
used in th is  study are indicated with an as te r isk .  Reproduced 
from Jensen (1974, p. 135).
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substrates but are not re s t r ic te d  to areas of strong wave action . Sub- 

t id a l  populations of these two species may be found on a v a r ie ty  o f  

substrates, including so ft sandy bottoms (K o z lo f f ,  1973, p. 99 and 174).

While S tro n g yloce.nth.otuu> is an omnivore feeding on whatever is a- 

v a i la b le ,  algae are i t s  major food source (Mortensen, 1943, p. 190; John­

son and Mann, 1982, p. 278). I t s  herbivorous a c t iv i t y  is p a r t ic u la r ly  

important in kelp fo res t communities (e .g . ,  Duggins, 1981; Tegner and 

Levin, 1982). Numerous organisms , including sharks, cod and crows, feed 

on th is  sea urchin. Perhaps the best known of these predators is the 

sea-otter which p r im arily  feeds on echinoids (Mortensen, 1943, p. 209).

These generalizations concerning the ecology of StA.ongylocenXA.otm 

should be considered in examining ske leta l growth and chemistry. Any 

patterns of skeletal growth and chemistry observed in th is  study could 

be re la ted  to environmental parameters.

General materia ls  and methods

Three species of Stn.ongyloce.ntn.otm, are a c tu a lly  used in th is  in ­

vestigation: S. dnoebackienA-iA, S. ^ A ancmcanm , and S. panpuAotm.

With i t s  massive ( > 0 .1  g) coronal p la tes , S. fiAanciicanm is especia lly  

well suited for segments o f  th is  study requiring large sample s izes ,  

e .g . ,  chemical analyses. I t s  large  plates also f a c i l i t a t e  observations 

o f growth zonation. In other portions of the study, however, large co­

ronal plates are troublesome, i . e . ,  i t  is  d i f f i c u l t  to mount large e le ­

ments on stubs used in scanning e lectron  microscopy. Smaller plates  

from S. dA.oeba.chte.n6iA or S. puApuAatm  were found to be more appropriate.
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There is some overlap in the geographic range of these three species 

(see Figure 2 ) .  Differences in geographic d is tr ib u t io n  should not, there­

fo re ,  be a major cause of var ia t io n  in ske le ta l growth and chemistry ob­

served in th is  study.

I t  would be ideal fo r  the purposes of th is  investigation  that a l l  

samples be collected a t  the same location . This was not altogether pos­

s ib le .  Specimens of S. puApunatLU> were collected a t Sunset Cove in Coos

Bay, Oregon (summer, 1979). Specimens of S. fiJiancUicanuA and 5. dxo&- 

bcLc.hi<Dvt>iA, on the other hand, were collected  at Friday Harbor Laborato­

r ies  in the San Juan Islands, Washington (summer, 1981).

A fter  c o lle c t io n , a l l  samples were completely preserved in ethyl 

alcohol. Sample preparation began with the removal of most organic mat­

t e r  with commercial sodium hypochlorite (household b leach). This process 

also removed external skeletal elements such as spines. A fter thorough 

rinsing and a ir -d ry in g ,  individual cleaned tes ts  were stored in p lastic  

bags u n ti l  required. Tests were d is a r t ic u la ted  only as needed because

d isart icu la ted  material was more d i f f i c u l t  to  store .

Additional sample preparation was required in many portions of th is  

study. This is discussed in subsequent chapters, where appropriate.
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MICROSTRUCTURAL ZONATION WITHIN INTERAMBULACRAL COMPONENTS

Scanning e lectron  microscopy (SEM) furnishes an important means of 

studying growth zonation in coronal p la tes . Petrographic microscopy re ­

veals the fenestra te  morphology ty p ica l of echinoderms and, in some cases, 

growth zones (see, fo r  example, Weber, 1969b). I t  is ,  however, of lim ited  

use in examining the f in e r  d e ta i ls  of ske le ta l m icrostructure. Several 

studies show th a t  SEM observations are very e f fe c t iv e  in demonstrating 

growth zonation in the skeletons of organisms such as bivalves ( e . g . , Lutz 

and Rhoads, 1980) and barnacles (e .g . ,  Bourget, 1980). Work on fo s s il  

crinoids by Roux (1975, p. 4) suggests th a t  scanning e lectron microscopy 

may be equally productive in distinguishing growth-related features in 

the ske le ta l m ateria l of echinoderms.

Despite such studies and the increasing use of SEM in studies of 

echinoderms, the microstructural features c h a ra c te r is t ic  of growth zona­

tio n  in echinoderms are not well known. Only in work by Smith (1980) and 

Pearse and Pearse (1975) is there any record of growth zonation w ithin  

the stereom of echinoids. In th is  study, SEM observations of interambu- 

lac ra l  p lates are used to describe microstructural features of growth zo­

nation and to  determine the c a p a b il ity  of SEM work in documenting growth 

zones. These observations also give a more complete i l lu s t r a t io n  of 

growth zonation in echinoids.

Sample preparation methods

Zonation is  not re ad ily  apparent in the s u r f ic ia l  ske le ta l layers of 

S& iongyloce.n£fiotu&. Surface ornamentation obscures any zonation and must
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therefore  be removed. Interambulacral plates were prepared fo r  SEM study 

using the same procedure employed in preparing plates fo r  cathodolumine- 

scence (p. 59 of th is  study). Samples prepared in th is  manner, however, 

did not c le a r ly  show evidence o f growth zonation.

Acid etching, often used to enhance the appearance of skeletal fe a ­

tures ( e . g . ,  Bourget, 1980, p. 473), was e f fe c t iv e  in revealing growth 

zonation w ith the interambulacrals of S. d/ioe.ba.clUe.iU'Li . Interambula- 

crals  were etched in a d i lu te  (0.01M) solution of hydrochloric acid fo r  

th is  portion of the study. Generally , interambulacrals were etched fo r  

only a few minutes and were checked during the process to prevent excess 

dissolution  o f ske letal m a te r ia l .  Small, barely macroscopic zones ap­

pearing on the external surface of the interambulacral indicated th a t the 

plate  was s u f f ic ie n t ly  etched. Interambulacrals were then rinsed in wa­

te r  to stop fu r th e r  d issolution .

A fte r  a ir -d ry in g ,  etched interambulacrals were extremely f r a g i le  

and were therefore  handled with great care. Etching removed much of the 

organic m ateria l tha t remained a f te r  bleaching and reduced overall th ic k ­

ness of the p la te ,  thus weakening the interam bulacral. Two to three in ­

terambulacral s were mounted on each SEM stub with a conductive c o llo id a l  

s i lv e r  so lu tion , Mounted samples were reexamined to assure complete ce­

mentation.

Mounted samples were then gold-coated using an In ternational S c i­

e n t i f i c  Instruments ( IS I )  PS-2 Coating U n it.  SEM observations were c a r ­

r ied  out on a Super- I I  IS I scanning e lectron microscope and selected  

features were photographically recorded.
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Observations with scanning electron microscopy

Plate 1 is  an SEM photograph of the surface of a polished and etched 

interambulacral p la te  of S. d u o z b a c k iz m li, . The fenestra te  microstruc­

ture common to a l l  echinoderms is read ily  apparent. G enerally , the t r a ­

beculae are oriented perpendicular to the growing edges o f the interambu­

la c ra l .  S tr ik in g  changes in trabecular o r ien ta t io n  (shown with dark a r ­

rows) occur a t  the in tersections of growing edges. These changes in o r i ­

entation may be s ig n if ic a n t  in strengthening the te s t  overall (see S e i la -  

cher, 1979, p. 202-204).

Faint traces o f growth zonation (shown with l ig h t  arrows, Plate 1) 

also appear w ith in  the stereom of the interambulacral. Zones are perpen­

d ic u la r  to the general o r ien ta t io n  of the trabeculae and are p a ra l le l  to 

growing edges of the interambulacral. Note that trabeculae are not as 

well oriented towards the central portion of the interam bulacral, seen in 

the lower right-hand area of Plate 1.

At somewhat higher m agnification, growth zone features in the s te re ­

om can be seen more c le a r ly  (see Plate 2 ,  a photomicrograph of an adoral 

in te ram bu lacra l) .  Following c r i t e r i a  suggested by Pearse and Pearse 

(1975, p. 7 41 ) ,  smaller in te r trab ecu la r  channels (or pores) and larger  

trabecu lar diameters are ind ica tive  of X-ray opaque zones. Larger pores 

and smaller trabecu lar diameters of X-ray translucent zones a lte rn a te  

with stereom of the opaque zones.

Both X-ray opaque and X-ray translucent zones occur in g a lle r ied  

stereom, which is la rg e ly  consistent with Smith's findings regarding zo­

nation in the stereom of the echinoids V&amm&chinui and E clU n u i (1980,
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Plate 1 . Scanning electron microphotoyraph of an etched interambulacral p la te o f  S. dAoebach(cusi i  
shows fenestrate microstructure of skeleton common to a l l  echinoderms. Changes in trabecular  
o rien tation  (dark arrows) may be important in strengthening the te s t .  Growth zonation (white  
arrows) is p a ra l le l  with p la te  boundaries (scale bar equals approximately 500 pm).
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Plate 2 . Scanning electron microphotograph of an adoral interambulacral of S. d n a c b a c l u c n i i i  shows 
growth zones (white arrows). Pores ( in te r tra b e cu la r  channels) are smaller and trabecular  
diameters are la rg er in opaque zones than in translucent zones. Unoriented stereom in lower 
l e f t  (dark arrow) is lab yr in th ic  stereom of plate nucleus, (scale bar equals 200 ym).



p. 24). G a lle r ied  stereom consists of elongated, ordered corridors that  

are p r im ar i ly  oriented in one d irec t io n  and usually occurs in association  

with sutural collagen f ib e rs  ( i b i d . ,  p. 10 and 64). This type of stereom 

is occassionally termed alpha ( a )  stereom by some workers ( e .g . ,  Roux, 

1975, p. 2 ) .  G a lle r ies  are oriented p a ra l le l  to the surface and perpen­

d icu la r  to the growing edges in the interambulacral seen in Plate 2 .

V aria tion  in pore size and trabecu lar diameter generates zonation ob­

served w ith in  the stereom of the middle ske leta l layer . Degree of trab e ­

cular o r ien ta t io n  (suggested by Pearse and Pearse, 1975, p. 740) and 

abrupt d isruptions in microstructure (suggested by Smith, 1980, p. 24) do 

not produce zonation w ith in  the stereom of Stsiongyloce.n£iotu.{>. There is ,  

however, a ra th e r marked d isco n tin u ity  between g a l le r ie d  stereom and the 

central "nucleus" of the interambulacral (shown with dark arrow, Plate 2 ) .  

This portion o f the interambulacral is composed of la b y r in th ic  stereom, a 

randomly oriented meshwork of trabeculae (see Smith, 1980, p. 12). No zo­

nation is  apparent w ithin the la b y r in th ic  stereom of S tro n g  y lo c e .n t io tu i .  

Note th a t some workers use the term beta ( 8 )  stereom to re fe r  to laby­

r in th ic  stereom (Roux, 1975, p. 2 ) .

In the SEM microphotograph of an interambulacral near the ambitus 

(P late  3 ) ,  growth zones are p a ra l le l  with the in te r ra d ia l  border. Arrows 

show the predominant d irec tio n  of growth. The in te r ra d ia l  border is a 

growing edge or face of the interambulacral and is seen in the bottom 

area of Plate 3. A translucent zone with large pores and r e la t iv e ly  th in  

trabeculae forms the outermost zone seen in th is  sample. This translucent

zone is ,  in f a c t ,  the youngest zone present in the sample.

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission. Plate 3. Scanning e lectron microphotograph of an ambital interambulacral p la te . Growth zones (white  

arrows) occur in w e ll-o r ien ted  g a lle r ied  stereom and are p a ra l le l  with the in te rra d ia l  mar­
gin. Dark arrows show predominant d irec tion  of growth (scale bar equals 200 ym).



Microstructural zonation in S tro n g y lo c c n tA o tu i

Scanning electron microscopy gives some insights regarding the na­

ture  of growth zonation in S tA o n g y Z o czn t/io ta i. Cursory examination of 

SEM microphotographs shows th a t  growth zonation is absent in some portions 

of the interambulacral p la te .  Zonation commonly occurs in g a l le r ie d  ( a l ­

pha) stereom and is not apparent in lab yrin th ic  (beta) stereom.

S u r f ic ia l  layers of the interambulacral p la te  also lack any indica­

t io n  of microstructural zonation. While four morphologically d is t in c t ,  

calcareous layers can be seen in the f u l l y  developed interambs of St/icm- 

gylocentMotui (Jensen, 1972, p. 41 ) ,  zonation appears lim ited to  a middle 

layer of the p la te  (Jensen's " in te r io r  layer of meshwork").

Observations through the course of th is  study indicate th a t  micro- 

s tructura l zonation is p r im arily  a re su lt  of varia tions  in pore size and 

trabecular diameter. These two variables are inversely corre la ted , i . e . ,  

smaller pore sizes are associated with larger trabecu lar diameters. This 

is consistent with conclusions reached by Pearse and Pearse (1975, p. 739- 

741) and Smith (1980, p. 24) regarding zones w ith in  the stereom.

Experimental analysis of growth in StrongyZoc&ntAotus provides con­

vincing evidence th a t  d i f f e r e n t ia l  growth rates generate microstructural 

zonation (Pearse and Pearse, 1975, p. 739-744). By contro ll ing  food sup­

ply and closely monitoring laboratory-reared urchins, Pearse and Pearse 

found th a t  translucent zones are associated with slow growth, opaque zones 

with fa s t  growth. Growth ra tes , in tu rn , can be re la ted  to  environmental 

conditions. In the case of SiM.ongyZoce.nt/Lotai, skeleta l growth ra te  de­

creases during spring/summer conditions of decreased availab le  nutrients
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and increased temperature. Translucent zones there fo re  develop during 

the spring/summer season.

This is noteworthy in considering P late  3 .  R e la t iv e ly  small trab e ­

cu lar diameters and large channels in the outermost zone indicate th a t  is 

is a translucent zone, formed during summer ske le ta l growth. Such an ob­

servation is espec ia lly  s tr ik in g  because the specimen used in th is  study 

was, in fa c t ,  co llected during the summer season. This supports the ear­

l i e r  conclusion of Pearse and Pearse ( i b i d . ,  p. 744) th a t  translucent 

zones form in the spring/summer and opaque zones in the f a l l /w in t e r .

Questions remain regarding zonation w ith in  the stereom of echinoids. 

I t  is not e n t i re ly  c lear  how microstructural zonation is re lated to  chem­

ica l zonation observed through electron microprobe analysis and cathodo- 

luminescence. In d ir e c t ly ,  observations in th is  study indicate  th a t  the 

stereom ch ara c te r is t ic  of translucent zones should be correlated with  

non-luminescent (low manganese, high iron) zones. Additional research 

should c la r i f y  i f  m icrostructural zones are re la ted  to var ia t io n  of c a l ­

cium, magnesium and/or strontium within ske le ta l elements.

Whether m icrostructural zonation occurs in the stereom of other ech­

inoids and other echinoderms should also be documented in fu ture  studies. 

Coupled with information regarding taxonomic and functional var ia t io n  in 

the stereom of echinoids, th is  type of information would be useful to  

studies of fo s s i l  echinoids.

Scanning e lectron microscopy is not the best means of documenting 

growth zones in echinoids. Sample preparation is tedious and often de­

stroys ske le ta l elements. Several microphotographs are needed to  demon­

s tra te  zonation throughout a single ske letal element which presents more
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d i f f i c u l t y .  Another approach is necessary to  study and to  co rre la te  zones 

throughout an interambulacrum.

Despite these problems, scanning e lectron microscopy supplements our 

general understanding of growth zonation in echinoids and is the best means 

of observing m icrostructural zonation. SEM observations may be p a rt icu ­

la r ly  c r i t i c a l  in documenting growth zones in the ske leta l material of fos ­

s i l  echinoids. In theory, the occurence of m icrostructura l zonation w ith ­

in the middle layers o f  coronal plates should in h ib i t  complete destruction  

of growth zones by diagenetic processes.
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SKELETAL GROWTH

General observations and measurements of te s t  dimensions and features  

are a t ra d i t io n a l  approach to  investiga ting  the ske leta l morphology and 

growth of regular echinoids ( e . g . , Vasseur, 1952; Swan, 1966). W h ile th is  

widely used approach is  informative, analysis of the accretionary growth 

of individual coronal plates can also provide a more complete understand­

ing of overa ll  echinoid growth. Both approaches are used in th is  study 

of S tio iig y lc z z iv t io tu -i to  more thoroughly understand how growth and form 

are in te r re la te d .

Major features of te s t  growth

Preliminary observations of the S tn o n g ijlo cc n tn o ta i, dn.odbachlo.nt>-Li 

specimens used in th is  study reveal some general characteris tics  of co­

ronal morphology. For example, the number of ambulacral plates greatly  

outnumbers the number of interambulacral p la tes . A p a r t ic u la r ly  in te r ­

esting observation is  the proportiona lly  larger size of the peristomial 

opening in smaller (presumably younger) individuals re la t iv e  to  the size 

of the opening in larger (presumably o lder) ind iv idua ls . This is espe­

c ia l ly  important in explaining growth of the peristome and surrounding 

circumoral p la tes .

Limited q u an tita t ive  analysis of te s t  dimensions confirms these in ­

i t i a l  observations and demonstrates other, less apparent growth-related  

v a r ia b i l i t y .  Only a few parameters are needed to  describethe dimensions 

of the symmetric te s t  form typ ica l of regular echinoids. A schematic d i ­

agram, Figure B-l in the appendix, shows some standard dimensions used
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in morphometric analysis of regular echinoids.

Of the four parameters shown in Figure B - l ,  "horizontal diameter" is 

most widely recorded in biometric studies of echinoids (e .g .,Sw an, 1966). 

I t  is defined as the width of the te s t  a t the ambitus, measured from the  

midpoint of an interambulacrum to  the midpoint of the opposite ambulacrum 

(Mortensen, 1928, p. 10). "V ert ica l diameter" denotes height of the te s t  

and can be measured from an interambulacrum or an ambulacrum. "Apical d i ­

ameter" re fe rs  to the maximum diameter of the apical system and enclosed 

periprocta l p la tes . The diameter of the peristomial opening is simply the  

"peristomial diameter". While a l l  these parameters were often recorded 

in early  studies ( e . g . , Mortensen, 1943), measurements of the apical and 

peristomial diameters are generally  omitted in more recent work (e .g . ,  

Moss and Meehan, 1968). This is unfortunate because suchdata can be use­

fu l  in understanding te s t  growth.

Vernier ca lipers  were used to measure a l l  four parameters in speci­

mens of S. d’loe.ba.di'Lznb'Lb used in t h is  study. The data are shown in Table 

B-2 of the appendix (columns B through E). V e r t ic a l ,  apical and peristom i­

al diameters were also each recalculated as a proportion of the horizontal 

diameter. The resu lt ing  percentages are shown p a ra n th e t ic a l ly in  columns 

C, D and E of Table B-2. A b r ie f  survey of the data in Table B-2 in d i ­

cates th a t the peristomial opening grows an isom etrically .

Examining these measurements through graphs is especially  h e lp fu l.  

Figure 4 shows a graph of recalculated v e r t ic a l ,  apical and peristomial 

diameters each p lo tted  against the corresponding horizontal diameter, 

using data from Table B-2. The l in ea r  re la t io n sh ip  between the apical 

system and the horizontal diameter (represented by tr ian g les  ) implies
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percentage o f horizontal diameter) r e la t iv e  to horizontal d ia ­
meter of S. dn.ozbac.hLe.n6-t!>. Squares designate v e r t ic a l  diame­
te r ;  tr iang les  indicate apical diameter; c irc le s  show p eris to ­
mial diameter. Data shown in Table B-2 o f the appendix.
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th a t the apical system grows isom etrica lly  with respectto the te s t ,  over 

the size range examined here. When the peristom ial diameter is p lotted  

against horizonta l diameter ( indicated with c i r c l e s ) , i t  appears th a t th e  

peristomial opening is proportiona lly  larger in smaller (presumablyyoung­

er) in d iv id u a ls .  This may indicate th a t  the peristome too is larger in 

smaller ind iv iduals  compared to  th e i r  larger counterparts. The anisome- 

t r i c  re la t io n sh ip  between peristomial opening and horizontal diameter is 

c r i t ic a l  in considering the growth of circumoral plates in older in d iv i ­

duals. When v e r t ic a l  diameter is p lo tted  against horizontal diameter 

(indicated by squares in Figure 4 ) ,  i t  seems th a t  te s t  height increases 

more s ig n if ic a n t ly  in larger (presumably o ld er)  individuals  than in young­

er in d iv id u a ls .  That is ,  larger individuals  have a more spherical te s t  

form compared to  th e ir  smaller counterparts. This observation is even 

more s tr ik in g  i f  extremely large ( >120 mm in horizonta l diameter) in d i ­

viduals of S. dfioe.badUe.ni-u  are compared with small ( < 25 mm in h o r i ­

zontal diameter) individuals of the same species. Why th is  change in 

form occurs during the course of adult growth is  not known, but may be 

re la ted  to  a functional importance.

Deviations from isometric growth observed here are s im ila r  to those 

reported by Markel (1981, p. 33) in the c idaroid  EueidaxLi, . They may, 

in fa c t ,  be present in a l l  regular echinoids ( i b i d . ,  p. 33 ) .  More im­

p o rtan tly ,  observations of anisometric growth must be considered in any 

growth model fo r  Stn.ongylocentA.otut, .  In p a r t ic u la r ,  the proportional de­

crease of the peristomial diameter in older ind iv idua ls  implies th a t  re ­

sorption of circumoral plates is not necessary during growth. A tendency 

fo r  more spherical te s t  form may accommodate unlim ited addition of p la tes .
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Addition and growth o f coronal plates

In regular echinoids, te s t  s ize increases through the addition of new 

coronal plates and t h e i r  subsequent accretionary growth. L i t t l e  is known 

about how these two processes in te rac t  and whether they influence overa ll  

te s t form. Thorough examination of the addition of plates and accretion­

ary growth of interambulacral p lates may furnish some insights regarding 

ontogenetic v a r ia t io n  in te s t  form.

Addition of coronal plates

A dissecting microscope was used to count the number of plates in each 

ambulacrum and each interambulacrum of the S. dfio&bachlo.nt>-l!> specimens in  

th is  study. Using the microscope a l le v ia te d  d i f f i c u l t y  in d istinguishing  

the small circumoral plates and provided more accurate counting.

S urpris ing ly , the number of plates per ambulacrum is not constant in 

a l l  the ambulacra of a s ingle  echinoid. The number of p lates per ambula­

crum can vary by as much as f iv e  (plates per ambulacrum) within an in d iv i ­

dual urchin. I t  is  fo r  the sake of s im p lic ity  th a t  only the average num­

bers, rounded to  the nearest whole number, are recorded in columns F and 

G of Table B-2.

When these averages are p lotted against corresponding horizontal and 

v ert ic a l  diameters, i t  seems th a t  p la te  addition may influence te s t  form 

(see Figure 5 ).  The number of coronal plates is f a i r l y  proportional to  

horizontal diameter (Figure 5A). In the analogous graph of v e r t ic a l  d ia ­

meter (Figure 5b ) ,  however, the l in e a r  re la tionsh ip  between p la te  number 

and v e r t ic a l  diameter seems to  level o f f  when the diameter reaches 30 to  

40 mm.
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A s im ila r  unexplained pattern was observed by Swan (1966, p. 411) in 

his studies of S & io n g y lo c tu tA o tu i, . Perhaps th is  pattern indicates th a t an 

upper l im i t  to  the to ta l  number of coronal p lates does e x is t .  I t  may also 

explain why te s t  form becomes more spherical as the te s t  size increases. 

There is evidence th a t the l in ea r  portion of the curve varies from species 

to species and from population to  population (Swan, 1958, p. 509; Markel, 

1981, p. 33 ) .  This probably resu lts  from geographic var ia tion  in tes t s ize  

th a t in turn is caused by localized environmental differences such as tem­

perature and food supply (see Moore, 1935, p. 111; Ebert, 1968, p. 1086; 

Ebert, 1980, p. 473 fo r  a more thorough discussion).

Accretionary growth of coronal plates

Test s ize and form are also contro lled  by the accretionary growth of 

individual coronal plates (Moss and Meehan, 1968, p. 437). How accretion­

ary growth influences the corona can be best investigated by d is tinguish­

ing growth zones in individual p la tes  and co rre la t in g  synchronous zones.

Several methods can be used to  d is tinguish  growth zones in echinoids 

(reviewed on p. 7 -8 , th is  study). In the case of Stnongyloce.n&iotu.t>, a l ­

te rn a t ive  methods, i . e . ,  cathodoluminescence and scanning electron micro­

scopy, can also be used. These methods are, however, time-consuming and 

tedious, with the exception of x-radiography. X-radiography is the most 

e f f ic ie n t  and quickest means of recording the growth zones present in ech­

inoids. Sample preparation is minimal and the procedures are fa m il ia r  to 

many researchers (Zangerl, 1965, p. 306).

A Faxitron 805 X-ray un it  was used to  take x-radiographs fo r  th is  

study. Most of the coronal plates in th is  portion of the study originated
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a specimen o f S. ^fiancU^canui . Tubercles generally were removed by abra­

sion with a 600 mesh paper to  reveal growth zones more c le a r ly .  Plates  

were then arranged on Kodak AA f i lm  and exposed at 20 kv (exposure time 

was set au to m atica lly ) .

Growth zones can be eas ily  recognized in radiographs of coronal plates  

from d is a r t ic u la te d  interambulacra (P la te  4a ) .  Dark c irc u la r  areas pre­

sent in th is  radiograph are caused by the dense tubercles. The l ig h te r  

areas surrounding the dark c irc le s  are probably caused by tubercle bases. 

These features obscure growth zones to  some extent and were therefore  re ­

moved by abrasion in subsequent study.

When tubercles are removed by abrasion, growth zones can be seen with 

greater c la r i t y  (compare Plate 4A with Plate 4B ) .  Both radiographs show 

the id en tica l p a ir  of interambulacral p la tes , before and a f te r  abrasion. 

Removal of tubercles may also remove the outermost ske leta l layers, thus 

enhancing the contrast between opaque and translucent zones. In removing 

tuberc les , i t  is d i f f i c u l t  to  carry out abrasion evenly over the e n t ire  

p la te .  That is ,  thickness of the ske le ta l component can become uneven, 

resu lt in g  in "fade-out" of growth zones in some portions of the radiograph 

(lower right-hand area of the bottom interambulacral in P late  4 b ) .

Radiographs also reveal some of the morphological d is tinc t ions  be­

tween ambulacral and interambulacral ske letal components (P la te  4 c ) .  

Large, paired pores read ily  define ambulacral p la tes . Radiography also 

shows th a t  ambulacral plates in S£nongyloce.wbio£ut> are compound s truc­

tu res , made up of smaller dem i-plates. Suture areas between demi-plates  

appear qu ite  dark in radiographs and obscure growth zones present in ambu­

lacra l p la tes .  Interambulacral p lates are, by comparison, simpler forms.
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Correlation of growth zones in interambulacral plates  

Radiographs of homologous plates from d if fe re n t  interambulacra of 

the same individual i l lu s t r a t e  how growth zones can be correlated (P la te  

5 A; synchronous zones are outlined on acetate overlay). Correlation of 

zones is based e n t i re ly  on s im i la r i t ie s  in the banding patterns common to  

both interambulacrals. In th is  respect, corre la ting  growth zones is much 

l ik e  corre la ting  banding patterns in magnetic s tra tigraphy. While both 

interambulacrals are more or less homologous, corre la tion  shows th a t new 

components are not added synchronously throughout a l l  the columns w ith in  

an in d iv id u a l.  For th is  reason, homologous plates vary s l ig h t ly  in form.

Like correlated zones in homologous p la tes ,  growth zones in adjacent 

interambulacrals of the same column are also in te rre la ted  (P la te  5 B; 

corre la tions shown with arrows on acetate o verlay ) .  S im i la r i t ie s  in the  

banding patters  provide one basis fo r  c o rre la t io n .  Another useful c r i ­

te r io n  is th a t  synchronous zones must compliment one another in form.

Just as adjacent plates f i t  together, synchronous growth zones must also 

f i t  together because they represent previous margins of the interambula­

c r a l .  This g reat ly  f a c i l i t a t e s  c o rre la t io n  of synchronous zones in ad­

jacent interambulacrals. Only a few corre la ted  zones are indicated on 

the acetate overlay so th a t  corre la tions  can be observed more c le a r ly .

Note " l ines" th a t  rad ia te  from the centra l nucleus of the interambu­

lac ra l to the periphery of the component (indicated by wide arrows in 

Plate  5 ) .  These are areas where there is a change in or ien ta tion  of the  

skeleta l m icrostructure. They also represent a series of " t r ip le  junction  

points", i . e . , points where three interambulacrals meet in the a r t icu la te d  

te s t .
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Correlation of zones throughout an interambulacrum

I f  growth zones can be correlated in pairs of interambulacrals, then 

synchronous zones can also be corre la ted  throughout an e n t ire  interambula­

crum. This is best achieved by picking out a few, eas ily  recognized zones 

to develop an accurate, s im plif ied  set of c o rre la t io n s . Radiographs can 

be illum inated from below with a l ig h t  ta b le  which enhances the contrast 

between opaque and translucent zones. Synchronous zones can be drawn d i ­

re c t ly  on acetate overlays.

Radiography of an e n t ire  interambulacrum, together with corre la tion  

of selected synchronous zones (P la te  6 ) ,  provides some insights regarding 

accretionary growth.

(1) Growth zones within any one interambulacral re f le c t  the  

morphology of la te r ,  i . e . ,  younger, p la tes . Deutler  

f i r s t  demonstrated th is  in his study of zonation in ech­

inoids (Pearse and Pearse, 1975, p. 746).

(2 ) Resorption of ske letal m ateria l is not necessary to ac­

commodate growth of the peristomial opening. This is 

consistent with results  of te t ra c y c l in e - la b e lin g  experi­

ments which show that circumoral plates may grow in d e f i ­

n i te ly  (Markel, 1981, p. 48; Dafni and Erez, 1982, p. 72).

(3 ) Variable growth rates w ith in  individual interambulacrals  

control interambulacral form and maintain morphological 

in te g r i ty  of the column. Resorption of ske le ta l m ateri­

a l ,  i f  i t  occurs a t a l l ,  plays no ro le  in th is  regard.

(4) The small, t r i ra d ia r 'n u c le u s "  of interambulacralsbecomes 

larger abora lly . That is ,  i n i t i a l  size of new components
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Plate  6 .  Radiograph o f e n t ire  interambulacrum of S. canu* . Trans
parent overlay show some synchronous zones throughout the c o l­
umn (scale bar equals 1 cm ).
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increases as more plates are added.

A growth series of the interambulacrum (Figure 6) can also be recon­

structed using the correlations of synchronous zones in Plate 6. E lim i­

nation of the outermost, i . e . , youngest zones (shown in blue, series "E") 

produces series "D". Repeated e lim ination  of progressively younger zones 

produces the e n tire  growth series seen here. Series "A", the oldest in te r ­

ambulacral series th a t  could be recognized, is reproduced with some inac­

curacy. This results  from problems in d istinguishing growth zones of the 

older interambulacrals, especia lly  the circumoral, primordial p la tes .

Patterns of ske letal accretion can be seen more c le a r ly  w ith "c o lo r -  

coding". White designates the oldest set of synchronous zones, followed 

by the addition of yellow zones in series "B", green zones in series "C", 

orange zones in series "D", and f i n a l l y  blue zones in series "E".

While major changes in form of the column are not apparent, subtle 

increases in the length of the column with respect to i ts  width seem to  

occur during growth of the te s t .  This is re la ted  to  the development of 

a more spherical te s t  form in large adults and results  from both the ad­

d it io n  of new components and patterns of accretionary growth.

Careful examination of the reconstructed series reveals th a t  skele­

ta l  accretion can be characterized by consistent patterns . Growth of in ­

terambulacrals always decreases a t  the adoral margin f i r s t .  This is a l ­

ways followed by a decrease in growth along the adapical (ab o ra l) margin. 

Growth along the in te rra d ia l-a d ra d ia l  ax is , however, does not decrease 

s ig n if ic a n t ly  u n t i l  the interambulacral p la te  is positioned near the am­

b itus . Continued decreases in growth along th is  axis results  in a pattern  

of converging zones towards the peristome.
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Figure 6 . Reconstructed growth series  o f  an Interambulacrum: S. ctaconua, based on radiograph In  P la te  6 . "T im e-equ iva len t" growth is  
shown here by c o lo r v a r ia t io n .  “ A" is  shown in  w h ite  and represents the o ld e s t d is tin g u is h a b le  growth; "E ", shown in  b lue , is  
the youngest o r most recent. See te x t  fo r  a d d itio n a l exp lana tion .



This general pattern  is  s im ila r  to th a t observed in the sea urchin 

TsUpneu&teA by Dafni and Erez (1982, p. 72 -73 ).  They suggest tha t d i ­

rectional components of ske leta l accretion in interambulacral plates are 

closely re la ted  to the arrangement of in terna l t issues , a hypothesis 

tha t merits fu r th e r  study.

Morphometric analysis o f synchronous zones provides q u an tita t ive  da­

ta tha t can be used to examine ske le ta l accretion. Areal measurements 

taken with a ca l ib ra ted  planimeter are shown in Table B-3 of the appen­

dix . Each column o f Table B-3 re fe rs  to a set of synchronous zones 

throughout the interambulacrum, corresponding with the growth series in 

Figure 6- Measurements in Table B-3 ind icate  th a t  the size of interam­

bulacral components varies with th e i r  r e la t iv e  position in the series.  

Within each series , the la rg es t interambulacrals always occur a t ,  or 

s l ig h t ly  above, the ambitus. The smallest interambulacrals in each 

series a re , of course, the circumoral p lates.

Figure 7, p lo tted  from data in Table B-3 , provides some ins ight re ­

garding the re la t io n sh ip  between accretionary growth and addition of new 

interambulacrals. I n i t i a t io n  of new interambulacrals produces a "s h if t"  

in the position of the ambitus in the aboral d irec tio n  (approximate po­

s it io n  of the ambitus shown by le t te r s  "A" through "E" in Figure 7 ) .  

Growth rates of interambulacrals below the ambitus, i . e . ,  adoral p la tes ,  

are su b stan t ia lly  lower than those o f plates above the ambitus in each 

growth series. I t  is  fo r  th is  reason th a t the growth curves appear to 

be skewed to the r ig h t  in Figure 7.

Based on these observations, anisometric growth of the te s t  is a
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Figure 7. Growth of individual interambulacral plates r e la t iv e  to position of the p la te ,  based on re ­
constructed growth series in Figure 7. Data shown in Table E-3 of the appendix.



product o f both the addition of new coronal plates and th e i r  subsequent 

accretionary growth. In a t  leas t one respect, the addition o f new plates  

causes accretionary growth in older p la tes . When new plates are added, 

older plates are "readjusted" in form and size to maintain the morpholo­

gical in te g r i ty  o f  the column and te s t  (M arkel, 1931, p. 51). This fa c ­

to r  should be considered in developing models fo r  growth of the corona 

and the interambulacrum.
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CHEMICAL HETEROGENEITY WITHIN CORONAL PLATES

Previous studies show that the skeletal components o f  Recent echi­

noids often are chemically heterogeneous, i . e . ,  elemental composition 

varies w ith in  some skeletal components (see p. 15 o f  th is  study). Cal­

cium, fo r  example, is  not evenly d is tr ibuted  throughout the regenerating  

spines o f kn.ba.cMi (Davies e t  a l . ,  1972, p. 880).  Why heterogeneity oc­

curs w ith in  monocrystalline skeletal components is not a ltoge ther  c er­

ta in  but i t  may be re la ted  to accretionary skeletal growth.

This study w i l l  describe chemical heterogeneity w ith in  the interam­

bulacral plates o f  Stn.ongyloce.ntn.otai and document the re la t io n s h ip  be­

tween chemical heterogeneity and growth zones. Two methods w i l l  be used 

cathodoluminescence and electron microprobe analysis (also termed "elec­

tron beam m icroanalysis"). Cathodoluminescence is sometimes used to de­

monstrate chemical heterogeneity in solids, espec ia lly  minerals such as 

c a lc i te ,  dolomite, quartz , feldspar and ap a t ite  (Smith and Stenstrom, 

1965, p. 628-633). Cathodoluminescence has not been used to d is tingu ish  

chemical heterogenity w ith in  biogenic material o f echinodermal o r ig in  in 

e a r l ie r  studies. Unlike cathodoluminescence, e lectron microprobe analy­

sis has been applied in previous studies of chemical heterogeneity w ith ­

in echinoid ske leta l components. Microprobe work can provide q u an tita ­

t iv e  information regarding elemental composition and i ts  d is t r ib u t io n .  

Together, these two methods should adequately describe most o f the chem­

ical heterogeneity present in the skeletal material to be studied here. 

Cathodoluminescence w i l l  also be used to re la te  chemical heterogeneity  

to growth zonation.

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Methods used in cathodoluminescence

General backround of cathodoluminescence

Ebers and Kopp (1979, p. 908) define cathodoluminescence as the emis­

sion of non-thermal rad ia tion  from electron beam e x c ita t io n .  Unlike the 

delayed luminescence observed in phosphorescence, cathodoluminescence 

occurs immediately upon exc ita t io n  (Glover, 1977, p. 433).  A deta iled  

discussion of the p rinc ip les  and h is to r ic a l  development of cathodolumi­

nescence can be found in several sources, including Curie (1963, p. 288- 

298), Glover (1977, p. 3-51) and Heinrich (1981, p. 494-498).

Divalent manganese acts as a phosphor in carbonates, causing an 

orange-colored luminescence (Medlin, 1959, p. 452; Sippel and Glover, 

1965, p. 1283). Such luminescence may be quenched, or extinguished, in 

the presence of cobalt , nickel or ferrous iron (Medlin, 1959, p. 456; 

Sippel and Glover, 1965, p. 1283). Ferrous iron in p a r t ic u la r  appears 

to be the major quenching species in c a lc i te .

Luminescence can occur in c a lc i te  when manganese concentration is 

as low as 0.004 wt percent manganese, or 40 ppm manganese (Sommer, 1972, 

p. 279). Such concentrations are too low to  be measured with the e lec ­

tron microprobe. A high concentration of iron (greater than 1 .0 wt per­

cent iron, or 10,000 ppm iron) or a low concentration of manganese ora  

combination of both can quench luminescence (F a irc h i ld ,  1983, p. 582). 

Until there is greater c la r i f ic a t io n  of these thresholds, cathodolumi­

nescence may be of l im ited  use in geochemical s tudies. Despite th is  re ­

s t r a in t ,  cathodoluminescence can provide insights regarding chemical 

heterogeneity in carbonate m ate ria ls .

Cathodoluminescence in carbonates is often used as a petrographic
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to o l ,  to d is tingu ish  m u ltip le  generations of cements ( e .g . ,  Freeman, 1971; 

Meyers, 1974; Frank e t  a l . ,  1982; Grover and Read, 1983). The technique 

may also be applicab le  in ore exploration (Ebers and Kopp, 1979, p. 918),  

as well as environmental analysis (Sommer, 1972, p. 278-280).

Smith and Stenstrom (1965, p. 633) suggest th a t  cathodoluminescence 

might be helpful in paleontological studies. I t  may d is tingu ish  ske letal  

structures and detect unrecrysta ll ized  specimens fo r  isotopic research. 

Most ske le ta l m ateria ls  are not luminescent (Glover, 1977, p. 55 ) .  Ex­

ceptions include the weakly luminescent ske le ta l carbonates of oysters,  

sand do llars  and some corals as well as the b r ig h t ly  luminescent exoske­

letons of barnacles. In surveying biogenic carbonates, Sommer (1972, p. 

281) finds th a t  luminescence is  useful in locating regenerative carbonate 

in mollusc s h e l ls .  He also indicates th a t cathodoluminescence could re ­

veal var ia tions  in manganese concentration of ske le ta l m a te r ia l ,  where 

present. Such sp at ia l v a r ia t io n  may be destroyed during diagenesis, sug­

gesting th a t  uniform luminescence is ind ica tive  of diagenetic carbonate 

( i b i d . ,  p. 282). Cathodoluminescence may also be useful in h ighlighting  

r e l i c t  morphological features in ancient organisms such as fo s s i l  bryozo- 

ans (Ferrigno, 1973, p. 11-10). I t  is surpris ing , then, th a t  cathodolu­

minescence is not u t i l i z e d  more extensively in studies of Recent skeletal  

m ateria l.

Sample preparation methods

Skeletal m a te r ia l ,  p a r t ic u la r ly  th a t  of echinoids, poses some unique 

d i f f i c u l t i e s  in cathodoluminescence observations. Organic materia l asso­

ciated with the mineralogical portion of the skeleton usually obscures
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luminescence. The porous nature of the echinoderm skeleton fu r th e r  mag­

n i f ie s  th is  problem because organic material is often trapped within the  

fenestrate  skeleton. Impure sodium hypochlorite , i . e . ,  commercial bleach, 

which is commonly used to  ox id ize  so ft  tissues in ske le ta l preparations  

presents additional d i f f i c u l t i e s .  Sommer (1972, p. 280) notes th a t some 

ske le ta l m aterial is lost during ox idation . Unknown contaminants that a f ­

fe c t  luminescence may also be present in the sodium hypochlorite.

Most of the ske le ta l m ateria l examined here orig inated  from the in ­

terambulacrum of StAongylocuvi&ioAuu,. Generally, d is a rt ic u la te d  interambu- 

lac ra l components were hand polished to  remove s u r f ic ia l  tubercles and 

ornamentation. Interambulacrals were then bleached ( in  many cases th is  

was a second oxidation) to e lim inate  remnants of organic m ateria l.  These 

components were rinsed in two u ltrason ic  baths of d is t i l l e d  water to re ­

move remaining traces of the ox id iz ing  agent. A fte r  a ir -d ry in g ,  samples 

were ready fo r  luminoscope observations. Prepared samples were handled 

with forceps to minimize contamination from manual contact.

A Nuclide Corporation luminoscope, Model 2b , was used fo r  a l l  lumi­

nescence observations in th is  study. The operating parameters used here 

are recorded in the appendix (Table C-1; recorded in a manner suggested 

by Marshall, 1978). In order to  save time in pumping down the sample cham­

ber, f iv e  to  six samples were loaded simultaneously. Prolonged exposure 

of ske le ta l material to  the e lectron beam can cause dete r io ra tion  and thus 

should be avoided.

Microphotographs recorded several observations of cathodoluminescence 

in StAongyloc&nfriotuA  . An experimental r o l l  of f i lm  was also necessary 

to determine appropriate exposure times fo r  the 400 ASA Ektacolor f i lm  used
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in th is  study. Under the luminoscope conditions outlined in Table C-1, 

fo r  the samples examined here, exposure timesof 6 0 to 9 0  seconds were most 

e f fe c t iv e .  To some extent, correct exposure time is var iab le  and some 

t r i a l  and e rro r  is necessary in determining the appropriate time.

Observations with cathodoluminescence

Preliminary observations of unpolished interambulacrals of S. dAoo.- 

boic.hldyUiU, show th a t  these ske le ta l elements are indeed luminescent (see 

Plate 7A). Luminescence is not uniform and is generally  absent a t the 

t ip s  of tubercles. This implies th a t  tubercles are low in manganese and/ 

or high in iron , re la t iv e  to the adjacent ske le ta l m ate ria l .  Closer in ­

spection reveals th a t  the bases of some larger tubercles are zoned (shown 

with arrows, Plate 7a). This banded pattern of concentric zones, where 

present, suggests th a t  chemical heterogeneity arises during accretionary  

growth of these tubercle bases.

Cursory examination of the underlying, "unornamented" surface o f i n ­

terambulacrals also revealed f a in t  traces of a banded pattern . This pat­

tern suggested th a t zonation was not re s tr ic te d  to  tubercle bases and 

tha t outer ske letal layers obscure an in terna l zonation.

A microphotograph of a polished interambulacral of s . dA.ozbackinw!>-u 

shows th a t  th is  is indeed the case (P la te  7B). A d is t in c t  banded pattern  

of a lte rn a t in g  luminescent and non-luminescent zones occurs below tuber­

cles and s u r f ic ia l  ske letal layers . Like zoned tubercle  bases, zoning 

here also indicates a chemical heterogeneity of manganese and/or iron 

concentrations. C learly  such heterogeneity is caused by elemental v a r i ­

ation in the ca lc ify in g  environment ( i . e . ,  the s i te  of c a lc i f ic a t io n  in

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Plate 7. Luminoscope photomicrographs of (A) an unpolished interambula- 
cral of S. dA.ozbadu.e.ns„l6 (scale bar equals 1.5 mm); and (B) 
polished interambulacral of S. ctooebac/Ueiu-u( scale bar equals 
1.5 mm ).  Note luminescent bands in middle skeletal layers of 
interambulacral (P late 7B).
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the organism which can be influenced by in t r in s ic ,  physiological fac tors  

or e x t r in s ic ,  ecological fa c to rs )  during s ke le ta l  accretion. There is  

minor v ar ia t io n  in luminescence in te n s ity  of d i f fe re n t  luminescent zones, 

perhaps re f le c t in g  small d ifferences in manganese concentration. Bounda­

r ie s  between luminescent and non-luminescent zones are d is t in c t  but not 

sharp. This may re s u lt ,  in p a r t ,  from the coarse (600 mesh) paper used in 

polishing the surface.

Overall zoning observed w ith in  interambulacrals bears a s tr ik in g  re ­

semblance to  radiographic patterns shown by Pearse and Pearse (1975). A 

composite photograph combining a radiograph with a luminoscope photomi­

crograph of an ind iv idual interambulacral shows the re la tionsh ip  between 

growth zones and chemical zonation (P la te  8 ) .  Luminescent zones (orange) 

are generally  correlated with x -ray  opaque (dark) zones; non-luminescent 

zones are correla ted  with x-ray translucent ( l i g h t )  growth zones. Some 

broad non-luminescent bands correspond to  several narrow growth zones. 

Perhaps chemical zonation is seasonal in p e r io d ic ity  whereas zonation re ­

vealed by radiography is more v ar iab le  in p e r io d ic i ty .

Corre lation  of non-luminescent zones with x-ray translucent zones 

formed during the summer/spring season can be supported by another l in e  

of reasoning. Because th is  organism was co llected  during the summer, the  

most recently  formed chemical zone at the p la te  periphery should be t y p i ­

cal of summer growth. In th is  in teram bulacral, the most recently  formed 

zone is non-luminescent. I t  appears then th a t  non-luminescent zones do 

form during the spring/summer and luminescent zones develop during the  

f a l l /w i n t e r .  Note the c h a ra c te r is t ic  features  associated with seasonal 

growth zones recorded in Table 2 of th is  study (p. 10).
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Plate  8, Composite photograph combining a radiograph and luminoscope 
photomicrograph o f a sin le  interambulacral o f  S. droebackien- 
sis (scale bar equals 2 .5  mm).
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A mosaic of luminoscope photomicrographs of ske le ta l components from 

the same interambulacrum gives additional insights to  chemical zonation 

(see oversize in s e r t ) .  Most interambulacrals have a non-luminescent 

core. This implies th a t  new interambulacrals normally o r ig in ate  during 

spring/summer months and th a t  the addition o f new interam bulacrals is  per­

haps re la ted  to patterns o f reproduction and metamorphosis. Whether th is  

is ac tu a lly  the case should be investigated with l iv in g  echinoids.

Synchroneity of zones from d i f fe re n t  interambulacralscan be observed 

in adjacent components. Synchronous zones become progressively narrow in 

older (adoral) interambulacrals, often disappearing altogether in oldest  

p la tes . The most recent non-luminescent zone separating the youngest 

(aboral) interambulacrals, fo r  example, cannot be seen in the o ld e s t c i r -  

cumoral p la tes . This resu lts  presumably from the decrease in growth ra te  

as interambulacrals are sh ifted  toward the oral end of the column.

Few zones can be distinguished in the oldest interambulacrals which 

o rig in ate  during the la rva l stage. This, together with decreasing growth 

rate and resorption, may account fo r  the mottled luminescence present in 

these interambulacrals.

I t  is unknown whether chemical zonation occurs in each species of 

StAonQyloce.nXA.otuu,. Personal observations (not photographical ly recorded) 

indicated th a t  interambulacrals derived from other echinoid genera, e .g . ,  

Lyte.chtnuA, are also chemically zoned. This is not the case in a l l  ech­

inoids, however. Interambulacrals of VendAMuteA (sand d o l la r ) ,  fo r  ex­

ample, are uniformly luminescent. A more thorough survey of luminescence 

features in echinoids and other echinoderms would provide considerable 

insight regarding the o r ig in  of luminescence in skeletal m ateria ls .
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Methods used in electron microprobe analysis

Calcium and magnesium, c r i t i c a l  components of echinoid c a lc i te s ,  

should be considered in examining chemical heterogeneity of interambula­

cral plates. In many echinoid genera, calcium and magnesium are d i s t r i ­

buted in a heterogeneous manner w ith in  interambulacrals (Fowler, 1972, 

p. 81-100). Electron microprobe analysis is used in th is  study to de te r­

mine how and i f  calcium and magnesium vary within interambulacrals of 

S&iongyloce.ntfiotu6 dsioe.bacltienA'Li, .

Electron microprobe analysis developed as a technological outgrowth 

of both electron microscopy and x-ray  spectrochemical analysis (B irks ,  

1971, p. 1). Microprobe analysis is a p a r t ic u la r ly  e f fe c t iv e  means of 

demonstrating spatia l va r ia t io n  in elemental composition of solids on a 

q u an tita t ive  basis. Despite some l im ita t io n s  (see Heinrich, 1981, p. 444) 

the application of microprobe analysis has increased in geological and 

biological studies. Several sources discuss the instrumentation and phy­

sics involved in microprobe analysis ( e . g . ,  B irks, 1971; Reed, 1975; and 

Heinrich, 1981).

A few adjacent interambulacral plates from an individual S. d u o t- 

ba.dvizn&<L4 were selected fo r  e lectron  microprobe analysis. When the o r­

ganism was a l iv e ,  these plates were located at the ambitus. Cursory ex­

amination of the interambulacrals did not reveal any resorption or disso­

lu t io n .

Sample interambulacral p lates were impregnated in H ilq u is t  th in  sec­

t ion  epoxy and mounted on a round th in  section. The coarse-ground, un­

covered thin section was hand polished with a s i l ic o n  carbide (600-1000
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mesh) g r i t .  Raybrite B ( .05  ym) was the f in a l  polishing powder used in 

preparing the sample. A fte r  polishing was completed, o r ie n ta t io n  marks 

were drawn on the sample and the th in  section was carbon-coated.

Analyses fo r  calcium and magnesium were carried  out a t the Department 

of Geology and Geophysics, U nivers ity  of Chicago, w ith an ARL electron  

microprobe u n i t .  The composition of standards used in e lectron microprobe 

work is  presented in Table C-2 of the appendix. Ten-second count times 

were used fo r  a l l  data and standards.

Raw counts fo r  each element fo r  each point are shown in Tables C-3 

through C-5 of the appendix. The Bence-Albee Routine fo r  Carbonates was 

used to convert raw data to mole percent values, also shown in Tables 

C-3 through C-5.

Observations with e lectron microprobe analysis

Data from electron microprobe analyses of interambulacrals are best 

understood when presented in graphic form. Figure 8 represents a traverse  

of 130 points along the long axis o f a polished interam bulacral, from the 

in te r ra d ia l  (X) to the adradial (X 1) margin of the p la te .  Diagramatic in ­

set on Figure 8 shows o r ien ta t io n  and d irec tio n  of the traverse. The t r a ­

verse covers the middle ske leta l layer of the p la te . Data points , shown 

with c i r c le s ,  are converted from counts a t 100 ym in te rva ls  across the 

e n tire  p la te .  See Table C-3 in the appendix fo r  a complete set of data 

from th is  traverse .

O ve ra l l ,  MgCÔ  concentration f a l l s  between 4 .9  and 8 .2  mole percent 

w ithin the interam bulacral. CaCO  ̂ ranges from 91.8 to 95.1 mole percent.
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Adjacent points may d i f f e r  considerably in elemental composition, in some 

cases by as much as two mole percent. CaC03 and MgC03 leve ls  o s c i l la te  

throughout the interam bulacral, making i t  d i f f i c u l t  to d istinguish trends 

in elemental composition on a la rg er scale.

Closer scrutiny reveals a m irror pattern in a lte rn a t in g  CaC03 and 

MgC03 concentrations. The pattern is re f lec ted  on e ith e r  side of the 

central portion o f  the traverse , underlying the primary tubercle ( in d i ­

cated with arrows in Figure 8 ) .  Some corresponding points on each side 

are lab elled  with id en tica l  le t te r s  to show symmetry more c le a r ly .  CaC03 

and MgC03 leve ls  vary c y c l ic a l ly ,  ind icating  tha t deposition of calcium 

and magnesium in ske le ta l material f luctuates  p e r io d ic a lly .  Major s h if ts  

in CaC03 and MgC03 , i . e . ,  changes involving 0.5 or more mole percent, 

segregate high calcium, low magnesium phases from low calcium, high 

magnesium phases. Note compositional changes at "B" and "E".

An analogous traverse along the inner surface o f an adjacent in t e r ­

ambulacral shows a s im i la r ,  but s l ig h t ly  asymmetric compositional v a r ia ­

t io n . See Figure C-6 in the appendix. A traverse across the e n tire  in ­

terambulacral was not possible in th is  case, which may account fo r  the 

observed asymmetry.

Results of a traverse along the adapical-adoral axis provides some 

in te res ting  observations (Figure 9 ) .  The traverse is  perpendicular to 

the in te r ra d ia l -a d ra d ia l  a x is ,  passing very close to the center of the 

interambulacral. See diagramatic inset on Figure 9. CaC03 and MgC03 l e ­

vels are comparable to those observed in the longitudinal traverse o f the 

same p la te  (compare with Figure 9 ) .  CaC03 and MgC03 vary more in the ad­

oral portion than in the adapical portion of the traverse , perhaps in
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scent zones. S a l in i ty  also influences uptake and incorporation of man­

ganese (Rucker and V a len tine , 1961, p. 1099; P ilkey and H arr iss , 1966, 

p. 384; Bryan and Hummerstone, 1973b, p. 871). Seasonal var ia t io n  in 

s a l in i ty  may there fore  contribute to zonation of manganese. I t  is  espe­

c ia l l y  in te res tin g  to note th a t the organism's position in the t id a l  

column influences the uptake and incorporation of manganese (Blanchard 

and Chasteen, 1967, p. 1366; Bryan and Hummerstone, 1973a, p. 710-711). 

Generally, organisms growing above mean low water level contain more d i ­

valent manganese than those growing below th is  le v e l .  This appears to 

be re lated to substantial var ia t io n s  of s a l in i ty  in th is  portion of the 

water column (P ilkey  and H arriss , 1966, p. 383).

B iological fa c to rs ,  moreover, moderate the e ffe c ts  o f environmental 

factors on the incorporation of manganese and iron in biogenic c a lc i te s .  

In many echinoid genera, including S & io n g y lo cen tsw tu A , fo r  example, the 

amount of iron and manganese w ith in  the skeleton re f le c ts  iron and man­

ganese leve ls  present in th e i r  d ie t  (Stevenson and U fre t ,  1966, p. 16; 

Bohn, 1979, p. 325). The inverse re la t io n sh ip  between ske leta l manganese 

and s a l in i ty  is probably regulated by the process of osmoregulation in 

many organisms (Bryan, 1973, p. 159; Bryan and Hummerstone, 1973b, p. 

871). Trace elements composition and zonation is moderated by a number 

of in teracting  fac to rs .  Additional research is  needed to understand the 

orig in  of luminescence in echinoids.

Varia tion  o f magnesium w ith in  interambulacral components is la rg e ly  

a ttr ib u te d  to seasonal changes in water temperature (Fowler, 1972, p. 

210). This is  consistent with the widely accepted observation that the
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correspondence with some v a r ia t io n  in ske leta l accretion .

Both traverses show resu lts  s im ila r  to those observed in Eckinom otAa

lucuntzA (Fowler, 1972, p. 85, 92).  Fowler suggested tha t higher concen­

t ra t io n s  of MgCO-j w ith in  the interambulacral are corre la ted  with x -ray  

translucent growth zones ( i b i d . ,  p. 86, 210). Conversely, lower leve ls  

of MgCÔ  are correlated with x -ray  opaque growth zones. I t  is d i f f i c u l t  

to document the re la t io n sh ip  between growth zones and MgCÔ  composition 

d i r e c t ly ,  because growth zones are not re a d i ly  apparent in th in  sections 

of echinoid skeletal m a te r ia l .  Some co rre la t io n sh ip  between growth zones 

and MgCÔ  composition w ith in  the interambulacral probably does e x is t  and 

should be documented in fu ture  studies.

Chemical heterogeneity w ith in  interambulacral components

Formation of manganese-rich, iron-poor (luminescent) zones during 

f a l l /w in t e r  skeletal growth of StnonQyloco.wtn.otu6 indicates that incor­

poration of manganese is inversely  correlated w ith  water temperature. 

This is consistent with observations th a t  the proportion o f manganese 

in ske leta l c a lc i te  generally  increases as water temperature decreases

in echinoids (Harriss and P ilk e y , 1966, p. 237) and other marine orga­

nisms (P ilkey  and Goodell, 1963, p. 147).

Other environmental factors  should be considered in understanding 

the heterogeneity o f  trace elements w ith in  ske le ta l components. Season­

al increases of manganese present in sea water (B ertine  and Goldberg, 

1972, p. 881; Hunt, 1983, p. 920-921), fo r  example, may produce lumine-
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overall proportion of magnesium w ith in  the te s t  is  p o s it iv e ly  correlated  

with water temperature ( e .g . ,  Chave, 1954, p. 272; Dodd, 1967, p. 1322). 

Experimental studies o f c a lc i f ic a t io n  in echinoids, however, indicates  

tha t the amount o f ske leta l magnesium is  a c tu a l ly  re la ted  to temperature- 

induced changes in c a lc i f ic a t io n  and growth rates (Davies e t a l . ,  1972, 

p. 881; Weber, 1973, p. 553)!

Incorporation of minor and trace elements in interambulacral com­

ponents resu lts  from an in te rac tio n  of both environmental and b io logical  

factors  (Weber, 1973, p. 554-555). That i s ,  ske leta l chemistry is  con­

t ro l le d  by so many variables th a t  i t  is  d i f f i c u l t ,  a t  best, to d is t in ­

guish a cause-and-effect re la t ionsh ip  (H arr iss ,  1964, p. 29).
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CHEMICAL VARIATION BETWEEN CORONAL PLATES

Studies of growth-related var ia t io n  in ske letal chemistry are in f r e ­

quent (Rosenberg, 1980, p. 134). \ n the case of marine organisms, such 

studies often re la te  ske leta l chemistry to ecological and environmental fac­

tors (e .g . ,  Lerman, 1965; Dodd, 1967). Others concern the re la tionsh ip  

between ske le ta l chemistry and taxonomic differences ( e . g . , Harriss and Almy, 

1964; Riley and Segar, 1970). A few studies investigate  how skeleta l com­

position is influenced by both taxonomic and environmental factors  (e .g . ,  

Chave, 1954). In the case of echinoderms, most Studies of ske le ta l chemistry 

examine the re la tionsh ip  between ske le ta l magnesium and environmental fac ­

tors  such as temperature (see P ilkey  and Hower, 1960; D a v ie s e t a l . ,  1972).

Analysis of the ske le ta l chemistry of Stiongijlocentiotui can there­

fore  largely  increase general understanding of the echinoid skeleton. 

Analyses of individual plates from e n t ire  interambulacra are p a r t ic u la r ly  

useful in investigating the importance of ontogeny in ske le ta l chemistry. 

Coupled with some knowledge of chemical heterogeneity within interambula­

c ra ls ,  i t  may be possible to  learn how ske le ta l chemistry and growth are 

in te r re la te d .  By analyzing ske le ta l m ateria l from cogeneric species, i t  

is also possible to  determine i f  chemical var ia tion  occurs a t lower taxo­

nomic leve ls .

Several methods can provide q u a n tita t iv e  chemical analyses: atomic 

emission spectrography, x-ray d i f f r a c t io n  and x-ray fluorescence. In th is  

study, however, atomic absorption spectroscopy is used fo r  an a ly t ica l  work 

because i t  is an e f f i c ie n t  means of determining a v a r ie ty  of elements in 

a large number of samples. I ts  widespread use in investiga ting  skeletal
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chemistry demonstrates th a t  atomic absorption is an accurate method fo r  

such studies (see H arriss , 1965). An important d is t in c t io n  between atom­

ic absorption spectroscopy and methods such as electron microprobe analy­

sis is th a t  atomic absorption is a wet chemistry procedure. Samples and 

standards must be converted to  l iq u id  form fo r  analysis . Several r e fe r ­

ences review atomic absorption in d e ta i l  and provide a comprehensive d is ­

cussion of the underlying princ ip les  and instrumentation ( e . g . , Angino and 

B il l in g s ,  1967; S lav in , 1968; Reeves and Brooks, 1978).

Sample preparation and methods used fo r  atomic absorption

D isart icu la ted  ambulacral and interambulacral plates were cleaned in 

commercial sodium hypochlorite and thoroughly rinsed in an u ltrason ic  bath 

of deionized, d is t i l l e d  water. A fte r  oven-drying a t 100°C fo r  approximate­

ly 24 hours, coronal p lates were weighed. Plates were weighed promptly 

upon removal from the oven because ske leta l materia l would begin to adsorb 

atmospheric moisture as i t  cooled. This phenomenom was probably re la ted  

to the porous nature of the echinoderm skeleton and was more pronounced in 

more porous m a te r ia l ,  i . e . ,  ambulacral components. Id e a l ly ,  ske le ta l com­

ponents should be kept warm during weighing to minimize moisture adsorb- 

ance which produces inaccurate weight measurements. Skeletal components 

were reweighed a f te r  a second r insing and drying and the average of both 

readings was recorded fo r  subsequent ca lcu la t ions .

Each component was dissolved in a minimal volume (a few drops) of con­

centrated (37.6% acid/volume), reagent-grade hydrochloric acid . A fter  

dissolution in a 25 ml volumetric f la s k ,  the sample solution was brought to  

volume with deionized, d i s t i l l e d  water (except where otherwise noted).
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A small amount of ac id -inso lub le  organic material (collagen f ib e rs? ) often  

remained in the so lu tion . D ilu t io n  of these "o r ig in a l sample" solutions  

was necessary fo r  calcium and magnesium analyses (as well as strontium in  

some cases). Sample preparation methods discussed here were s im ila r  to  

those suggested by other workers ( e .g . ,  Dodd, 1965, p. 385; Bischoff e t  

a l .  , 1983, p. 1184).

D ilu t io n  of concentrated stock solutions (usually  1000 yg element/ml 

solution) provided standards fo r  atomic absorption readings. Stock solu­

tions were prepared by dissolving pure metals or t h e i r  carbonate sa lts  in 

a minimal volume of concentrated (37.6% acid/volume), reagent-gradehydro­

chloric  acid . The amount of materia l dissolved was s u f f ic ie n t  to  produce 

one l i t e r  of stock solution at the concentration noted above. When d is ­

solution was complete, solutions were brought to  a one l i t e r  volume with 

deionized, d i s t i l l e d  water and stored in polyethylene jugs. Deionized, 

d is t i l l e d  water spiked with hydrochloric acid served as a blank solution  

fo r  analysis.

A Perkin-Elmer Model 403 atomic absorption spectrophotometer was used 

to measure absorbance. Analyses fo r  calcium, magnesium, strontium, iron ,  

and manganese a l l  required a mixed a ir-acety lene  flame. Maximum s e n s i t i ­

v ity  was achieved by fo llowing the general procedures recommended in the 

Perkin-Elmer manual. A l l  raw data (readings fo r  blanks, standards, and 

samples) were recorded i n i t i a l l y  in atomic absorbance u n its .  Each sample 

was analyzed in re p l ic a te .

Each re p l ic a te  reading was converted to concentrations (yg  element/ 

ml solution) by extrapolation  from c a lib ra tio n  curves (some of the curves 

used in th is  study are shown in Figures D-l through D-5 in the appendix).
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C alib ra tion  curves were drawn by p lo tt in g  the absorbance reading (atomic 

absorbance u n its )  fo r  each standard d i lu t io n  with the known concentration  

( yg element/ml) of the d i lu t io n .  The slopes of c a l ib ra t io n  curves also 

gave some ind ication  of the s e n s i t iv i ty  of the spectrophotometer fo r  a 

set of analyses. S e n s it iv ity  fo r  calcium (Figure D - l ) ,  fo r  example, was 

about 25 atomic absorbance units per yg Ca/ml solution over most of the  

range examined. S e n s it iv ity  fo r  magnesium (Figure D -2 )» on the other hand, 

was approximately 35 atomic absorbance units fo r  one-tenth (0.1 )yg Mg/ml 

so lu tion . Most, but not a l l ,  of the c a lib ra t io n  curves used in th is  study 

are shown in appendix f igures .

Concentrations read o f f  the c a l ib ra t io n  curves were e as i ly  converted 

to more useful weight percents with a c a lc u la to r .  The equation below, mod­

i f ie d  from the  Perkin-Elmer manual, was used fo r  a l l  conversions:

 -------  ^  _ (p g /m l) (d i lu t io n  fa c to r )(0 .0 0 2 5  dk l)
element (wt % ) ---------------------------gm’ sample-----------------------------, where

yg/ml is concentration read from a c a l ib ra t io n  curve;

d i lu t io n  fa c to r  is a correction component incorporating d i lu t io n
from an o r ig in a l sample solution p r im ari ly  in 
analyses fo r  Ca and Mg;

0.0025 dkl is volume of the or ig in a l sample solution and
varies i f  the o r ig ina l sample solution was
not 25 m l;

gm sample is sample weight.

Duplicate weight percent were calculated from the re p lic a te  analyses and 

were recorded in data tab les . Mole frac tio n s  and mole percents were com­

puted from an average of the duplicate weight percents and were also re ­

corded in the data ta b le s .
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Results of chemical analyses

A ll data from atomic absorption analyses are recorded in Tables D-6 

through D-10 of the appendix. The tables include a complete set of raw 

readings, concentrations and weight percent from re p lic a te  analyses fo r  

each element analyzed. Mean weight percents, mole frac tions  and mole per­

cents fo r  each element are also shown. A l l  f igures fo r  a s ing le  coronal

p late  are organized in a s ingle row, with re p lic a te  data segregated into

couplets w ith in  the row. Residuals (not shown in order to conserve space) 

can be determined by ca lcu la t in g  the absolute d iffe rence  of weight percents.

Compositional d ifferences between ambulacrals and interambulacrals

Examination of the data fo r  a series o f ambital p la tes , both ambula­

crals and interambulacrals, provides insights regarding chemical varia tion  

and accuracy of an a ly t ica l  methods. A specimen of S tn o n g y lo c zn tn o tu -i 

dAozbadUzni-Lb  is used in th is  portion of the study because of i t s  a v a i l ­

a b i l i t y .  Data from th is  set of analyses (Table D-6 of the appendix) re ­

veals two major observations. Analyses of ambulacral plates are less 

accurate than s im ila r  analyses of th e i r  interambulacral counterparts.

Equally important, ambulacral and interambulacral components can be d is ­

tinguished on the basis of compositional v a r ia t io n .

These observations are more apparent in graphic form. Graphs of re­

p l ic a te  weight percents (Figure 9A), fo r  example, show greater d is p ar ity  

in the weight percent values of ambulacrals than in the values fo r  in te r ­

ambulacrals. Residual analyses also indicate  greater e rro r  in analysis  

of ambulacral components compared to analysis of interambulacral compo­

nents (Figure 9B). This may be re la ted  to the very high porosity present
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in ambulacral p lates and a corresponding increase in contamination by the  

oxid iz ing  agent.

Comparison of weight percent values reveals some major composition­

al d ifferences between ambulacral and interambulacral components. In te r ­

ambulacral plates ty p ic a l ly  have more calcium (an average 91.7 mole%Ca) 

and less magnesium (an average 8 .0  mole%Mg) than ambulacral plates (with  

an average 89.1 mole%Ca, 10.6 mole%Mg). I t  is not a ltogether c lear i f  

the concentration o f strontium is s ig n if ic a n t ly  higher in interambulacrals  

than ambulacrals. These d is t in c t io n s  can be v isualized  more read ily  i f  

the data are presented graphica lly  (Figure 10). Points are p lotted ac­

cording to the position of the corresponding ske leta l component around 

the ambitus. The graphs therefore  r e f le c t  the morphological arrangement 

of ambital p la tes . Higher calcium values are associated with lower mag­

nesium values (conversely, lower calcium values are associated with high­

er magnesium values).  This is not surprising because these two elements 

are the major cations th a t  occur in the c a lc i te  of echinoderms. Stron­

tium levels seem to  vary with calcium in a subtle manner.

Another approach to  determining i f  compositional d is tinc t ions  occur 

is to  compare compositional ranges of ambulacral and interambulacral com­

ponents. Calcium, fo r  example, ranges from 86.49 to  90.31 mole% in am­

bulacral p la tes , but ranges from 91.18 to  92.30 mole % ininteram bulacral  

pla tes . Magnesium extends from 9.37 to  13.21 mole% in ambulacrals and 

from 7.37 to  8.51 mole% in interambulacrals. There is no overlap in Ca 

and Mg levels of the two d i f fe re n t  p la te  types. When ranges of s t ro n t i ­

um are compared (0 .27  to  0.32 mole% in ambulacrals; 0.31 to  0.36 mole % 

in in teram bulacrals ), there is a s l ig h t  degree of overlap.
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Compositional v a r ia t io n  w ith in  interambulacral series  

Analyses of ind iv idual interambulacral plates of 5. fisuwc'i&cams 

(Table D-7 of the appendix) indicates some var ia tion  in ske letal composi­

tion may be grow th-re la ted . Replicate weight percents calculated fo r  

each interambulacral are p lo tted  against the position of the p la te  fo r  

calcium, magnesium, strontium, iron and manganese. These are shown, to ­

gether with corresponding residual analyses, in Figures D - l l  through D-15 

of the appendix. Residual analyses fo r  calcium, magnesium and strontium  

indicate tha t a n a ly t ic a l  e rro r  occurs randomly. In the case of iron and 

manganese, e r ro r  seemingly increases in the analysis o f adoral (o lder)  

interambulacrals, but may not be s ig n if ic a n t .  Note th a t residuals fo r  

calcium, magnesium and strontium here are lower than residuals from the 

analysis of ambital p la tes . Decreased solution decay and greater p r o f i ­

ciency in an a ly t ic a l  methods might explain th is .

Graphs of re p lic a te  weight percents fo r  magnesium and iron suggest 

that magnesium and iron increase in adoral ( i . e . ,  o lder) interambulacrals. 

No general trends are obvious in the analogous graphs fo r  calcium, s tron­

tium and manganese. I f ,  in fa c t ,  magnesium and iron increase a d o ra l ly ,  

there should be a corresponding decrease in at least one of the other 

components such as calcium.

P lo tt ing  the mole percent values fo r  each element against the posi­

t ion (and hence, the r e la t iv e  age) of the corresponding interambulacral 

may c la r i f y  whether a change in chemical composition occurs throughout 

the interambulacral ser ies . Data graphed in th is  manner more c le a r ly  re ­

veal ontogenetic trends in chemical composition (see Figure 11). C a lc i ­

um, fo r  example, decreases s l ig h t ly  from 91.0 mole percent to 90.5 mole

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



.w .004-,
C01
£ . 002-O)
Q.

*  . 001-

•  •  •  
•  •  •  •  •

oral ambitus

^  .03-
c0>
f c - 0 2 -
Q.

O'
o .01 •  •  •

aboral

oral ambitus aboral

.40-,

S; .36-

.34-

.32-

abora loral ambitus

1 0 . 0 -

9.5-

9.0-

8 .5 -

•  •

•  •
•  •

•  •

oral ambitus aboral

91.0-

90.5-

90.0-

89.5-

. * •
•  • •  •  •

•  •

oral ambitus 
plate position

aboral
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percent in progressively o lder interambulacrals. Magnesium shows a cor­

responding increase in older p la te s ,  approximately from 8 .5  to 9 .0  mole 

percent. No consistent v a r ia t io n  in strontium concentration (about 0.35  

mole percent) is  apparent. Like magnesium, iron also increases in suc­

cess fu lly  o lder in teram bulacrals, up to 0.02 mole percent. A somewhat 

aberrant (0.031 mole percent) amount of iron occurs in the youngest plate  

and cannot be explained. Trace leve ls  o f manganese (0.002 mole percent) 

are f a i r l y  constant throughout the interambulacrum. Trace amounts of 

barium can also be noted in the ske le ta l material but are not recorded 

here because o f extreme d i f f i c u l t y  in obtaining absorbance measurements 

fo r  th is  element.

S im ilar analyses of the interambulacra of S. d ^o& badU en6-li and S. 

pu-tpu^iotui are also recorded (Tables D-8 through D-10 ; Figs. 12 and 13. 

This information provides additional documentation regarding v a r ia t io n  

in ske letal chemistry throughout the interambulacrum. I t  is  also a means 

of detecting the presence of genetic v a r ia b i l i t y  in ske letal chemistry at 

lower taxonomic leve ls . Neither iron nor manganese could be determined, 

however, because small p la te  mass prohib ited detection of trace elements. 

For the sake o f s im p lic ity ,  only mole percent values are included in sub­

sequent discussion.

O vera ll,  the average chemical composition of S. d A o e b ac h -iam ^  in ­

terambulacrals (90.68 mole percent calcium, 8.99 mole percent magnesium, 

0.36 mole percent strontium) does not vary s ig n if ic a n t ly  from th a t of S. 

fitianc-Ucanu* . Trends revealed by p lo tt in g  the mole percent value of each 

element against the position o f the corresponding interambulacral are 

s im ila r  to those observed in S. fisianc-i&canu-i (compare Figures 11 and 12).
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Calcium decreases adora lly  (from around 91.3 to 90.0 mole percent) as 

magnesium increases (from about 8 .3  to 9 .8  mole percent). Strontium is 

r e la t iv e ly  constant from p late  to p la te .

Analysis of S. pusipuAcitu-i reveals th a t  interambulacrals have a com­

position averaging 90.54 mole percent calcium, 9.12 mole percent magne­

sium, 0 .34 mole percent strontium. This does not d i f f e r  s ig n if ic a n t ly  

from the composition of S. ^m nc^ucanu i and S. dsioebacltienS'Li . More 

im portantly , the same ontogenetic trends seen in other species of S tx o n -  

gylocQ.n&xotui are observed in S. puApuAatui (Figure 13). Calcium ranges 

from approximately 91.4 mole percent in the youngest p lates to 89.8 mole 

percent in oldest p lates. Magnesium ranges from around 8 .3  mole percent 

in aboral interambulacrals to 9.9  mole percent in adoral interambulacrals. 

Again, strontium shows no major v a r ia t io n .

Another approach to understanding the chemical composition is  to 

examine the magnesium to calcium ra tio s  and magnesium to strontium ra tios  

of these interambulacrals. Magnesium to calcium ra tios  shown in Table 

D-16 of the appendix are computed in the following manner:

mole % Mg
----------------  x 100 = Mg:Ca r a t io .
mole % Ca

Ratios are p lotted against the position o f the corresponding interambu- 

lacra l (see Figure 14). As expected, th is  graph indicates that Mg:Ca 

ration increases adora lly . Generally, the ra tios  of S. puApuAcUui (de­

signated with c irc le s )  and those of 5. fitianc-iAcanui (shown with squares) 

are s im ila r  in magnitude. Mg:Ca ra t io s  are lowest in S. d 'to ^ b a c lU z m ii 

(designated with t r ia n g le s ) .

Magnesium to strontium ra tio s  are computed in the following way:

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

00
- - j

11 . 0 -

oo

(O<_>
™  10 . 0 -

9 .0 -

A S. dfLoe.bachA.eM-U

■ S. i*ancAAcanui

•  s. pufiixiftaXui

A  A

oral
(o lder)

■ ■
•  ■ - *  •

• a * 4 a .'I
A  A A

•  •
A  A •  8

J

■

" "  "  " «  " * a a •  • •  
A *  1  A •  4 * m A l

A
A  A

ambitus 

plate  position

abora 
(younger)

Figure 14. Mg:Ca ra tios  re la t iv e  to position of the interambulacral in StA.ongijloceiiiA.otu6 species. 
Data shown in Table D—16 of the appendix.



Resulting ra t io s  are shown in Table D-17 of the appendix. A graph of 

Mg:Sr ra t io s  p lo tted  against the position  of corresponding interambula­

cra ls  (Figure 15) shows th a t the ra t io s  increase ado ra lly .  In most 

cases, Mg:Sr ra t io s  are la rg er in S. puApuMutu* (shown with c irc le s )  

than in S. f im n c lic a n u *  ( ind icated  by squares). Mg:Sr ra t io s  of 5. 

(j'laiiC'tieaiiui, in tu rn , are higher than those of S. d fio zbach iavu -li ( r e ­

presented by t r ia n g le s ) .

Varia tion  in Mg:Ca and Mg:Sr ra t io s  between d i f fe r e n t  species ap­

pears to be minor and of l i t t l e  consequence. Graphic analysis of these 

ra t io s  underscores the i n i t i a l  observation th a t magnesium levels  in ­

crease in adoral (o ld e r)  interambulacrals.

Varia tion  of ske leta l chemistry w ith in  the individual

Considerable v a r ia t io n  in ske le ta l chemistry can occur within in ­

d iv iduals  of S&iongylccQ.ntAotu.b. One source o f v a r ia b i l i t y  l ie s  in 

morphological d if fe re n ces , i . e . ,  d ifferences between ambulacral and in -  

terambulacral p la tes . Analysis o f the ambital series in th is  study

shows that magnesium is higher and strontium is lower in ambulacrals

than in interambulacrals. This is consistent with s im ila r  observations 

by Fowler (1973) on the echinoids Eclvinom ztna  (p. 119), TsUpneuite.5  

(p. 120), Lytdch inut, (p. 121), Afib a c la  (p. 123) and EucidcuuA  (p. 126). 

E a r l ie r  studies of S. fi.tanc-licam ii (T eren tieva , 1932, p. 50; Weber,

1969a, p. 544), however, show th a t magnesium is  higher in interambula­

cra ls  than in ambulacrals. Additional investiga tion  may resolve th is
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Figure 15. Mg:Sr ra tios  re la t iv e  to position of the interambulacral in S tro n g y lo c e n tA o tu i species. 
Data shown in Table D-17 of the appendix.



c o n f l ic t .  Compositional d ifferences that do e x is t  may be re la ted  to 

varia tions in porosity , tu b e rc u la r i ty  and/or mode of growth.

Another major source of compositional d ifferences w ith in  an in d i ­

vidual is growth-related v a r ia t io n ,  i . e . ,  d ifferences between the older 

adoral interambulacrals and the younger aboral interambulacrals. In 

a l l  three species examined here, magnesium increases as calcium de­

creases in progressively older p la tes . This is consistent with lim ited  

observations by Fowler and Dodd (1969, p. 24) ,  Weber (1969a, p. 544),  

and Riley and Segar (1970, p. 727). These observations may be a t t r ib u ­

ted to a constant change in growth rate (see Pilkey and Goodell, 1963, 

p. 141-146; Weber, 1973, p. 553) or var ia t io n  in "structura l maturity"  

(Davies e t a l . ,  1972, p. 881). Bioaccumulation may also account fo r  in ­

creased leve ls  of trace elements in older interambulacrals (see Bohn, 

1979; Buchanan e t a l . ,  1980 fo r  a discussion of iron accumulation in 

the skeleton of echinoids).

Chemical heterogeneity w ith in  coronal plates (see appropriate  

chapter of th is  study) is ,  o f course, another source of compositional 

varia tion  w ithin an individual te s t .  I t  is not c le a r  how compositional 

varia t io n  w ithin interambulacrals is  re la ted  to var ia t io n  between a in ­

terambulacrals.

Graphs of Mg:Ca and Mg:Sr ra t io s  included in th is  study suggest 

tha t l i t t l e  or no compositional d ifferences occur at subgeneric lev e ls .  

This may re s u lt  from s im i la r i t ie s  in environment and geographic range 

and therefore should not be considered conclusive.
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Summa ry / Cone1u s i on s

Compositional and microstructural va r ia t io n  occurs w ith in  the mid­

dle skeletal layers o f interambulacrals derived from Stn.ongyloczntA.otLL!>. 

These variations are correlated with other growth zone charac te r is tics  

so that:

(1) large pores and th in  trabeculae c h arac te r is t ic  o f  spring/ 

summer skeletal accretion are associated with high magne­

sium, low calcium, low manganese phases;

(2) small pores and th ick trabeculae c h arac te r is t ic  of f a l l /  

winter ske letal accretion are associated with low magne­

sium, high calcium, high manganese phases;

(3) compositional and microstructural var ia tion  w ith in  in te r -  

ambulacral components is  c lose ly  re lated to changes in 

growth ra te ;

(4) changes in growth ra te ,  in tu rn , are a function of sea­

sonal var ia tion  in temperature and n u tr ien t a v a i la b i l i t y .

Growth zones also record the changes in form and size of individual 

interambulacral plates and the e n t ire  interambulacral column. Analysis 

of growth zones shows that the form o f each interambulacral depends p r i ­

m arily  on i t s  position. The size of each interambulacral depends on i ts  

position and the to ta l  number of coronal p la tes . Changes in form of the 

growing interambulacral are produced by d irec tiona l components in skele­

ta l  accretion and d i f fe r e n t ia l  growth ra tes . Anisometric growth of the 

te s t  results  from the addition o f new coronal p la tes , together with th e ir  

subsequent accretionary growth.
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Analysis of coronal p la tes  by atomic absorption spectrophotometry 

reveals that the "bulk chemistry" o f coronal plates varies considerably  

w ith in  an individual te s t .  Ambulacral plates contain more magnesium and 

less calcium and strontium than t h e i r  interambulacral counterparts. In 

a l l  three species examined here, o lder interambulacrals contain more mag­

nesium and less calcium than younger interambulacrals (strontium is more 

or less constant throughout the interambulacrum). Why magnesium leve ls  

increase in progressively o lder interambulacrals has not been demonstra­

ted and should be determined in fu tu re  studies.
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T a b le  A - l  : T e s t d im ens ions  o f  some S. dJioe.ba.c.SvLe.vi&'Ui specim ens.

h . d . V. d . A p ic a l  sys tem P e r is to m e

N u m b e r  o i‘ 

p la te s

A .  J i .  A .

t 78 m m 4 2 m m 17 .5 m m (2 2 .5  ■’/ „ h . d . ) 22 m in (2 8 .2 h . d . j 3 4 - 3 5 2 4 - 2 5

2 70 — 37 — 15 — (2 1 .4  - —  ) 22 — ( 3>-4 - -  ■ 7 3 5 — 38 2 3 - 2 4

3 05 — 35 — 14 — (23-1 - —  ) 21 — ( 32-3 - . . .  j 29  - 3 0 19— 20

4 5« — 34 — * 5  ~ ( 25-9  - - ) 20 — <34-5 - - ) 3 0 - 3 1 19 — 20

5 50 — 2*) — 1 3 “ (.23.2 - —  ) 19 - - ( 33-9 - - ) 25 26 1() -20

6 52 - 24 10.5 — (2 0 .2  - —  ) 19 - ( 3< ': i - — ! 20  -2 1 <3- >4

7 47 22 — 1 0 . 5 - - (2 2 .4  - —  ) 17 - (3 6 .2 - -  ) 1 8 - 1 9 14 ‘ ~ 15
8 4«> . . . 25 — 11 — (2 3 .9  - —  ) 17 — l 3 7 -u - ' 2 9 — 311 21 22

y 46 35 — 1 j { 2 3-9  - *7  ^ <3 7 -<> - > j -j 24 1 7 J 6

lo 3° — •4 — 7 -5 - (2 5 .0  - —  ) 12 — (4 0 .0 - ~  ) 15 10 12 13

1 1 2 5 — 2. 5 — 7 — (28.*) - -  ) 11 — (44.11 - - *• / >3 >4 11 - 1 2

12 20 10 — 5-5 — (2 7 .5  - __ ) 8 .5  - 142.-, - ... , ■ 3 >4 10 -11

>3 6 7 — 3 ' — 15 _ (2 2 .4  - —  ) j  1 — 1311.8 - -  , 34 ~ 3 5 2 ; - 2 5

<4 66 — 35 — >4 — (2 1 .2  - —  / 20 — t 3»-3 - -  > 33  " 3 4 21 - 2 2

64 — 32 — ' 3-5 — (2 1 .2  - * 9 -5 — 13"  5 - - -  > 3 » - 3 » 2'< -21

16 59 — 32 — 12 — (2 0 .4  - —  ) *9  - 1J2.2 - ) 3° '  31 2 0 - 2 1

>7 5n — 25 _ 10 — (2 0 .0  - —  ) *7  — '.3 4 " —  j 27 - 2 8 1 8 - 1 9

18 45 — 24 __ 10 — (2 2 .2  - —  ) > 4 5  - 132-3 - 2*, - 2 6 It)  -  1 7

l 9 70 — 4 > — 17 — (2 2 -4  - . . .  }
* 4  — 131.6 28  - 2() 20 2 1

20 70 — 3 2 — 16 — (2 2 .8  - -  , 1 M . 5 - ( 3 ° -7 * —  j 2 3 - 2 4 I —  | 7

21 68 - 37 — 16.5 — ( 24-3  - —  J 21 — ( 3 0 9 - —  ) 2 9 - 3 0 2 3 - 2 4

22 60 — 27 — 15 ~ (25 .O  - _  j 2 0 .5  — ( 34-2 - -■ ) 2 1 — 22 I 5~ i 0

2 3 55 — 22 — * 3-5 — (2 4 .6  - —  ) ■9 -5  — ( 35-5 - -  ) 18—  U j 15— 16

24 5 2 — 26 — 14 — (2 6 .9  - —  ) 18.5  — ( 35-8 - —  ) 1 9 —20 15— it)

2 5 03 — 33 — 13 ~ (2O .7 - —  ) 21 — ( 33-3 - 2 9 - 3 0 1 9 - 2 0

26 59 — 37 — 1 2 . 5 - (2 1 .2  - —  ) >9 - 132-3 - —  ) 3 1 - 3 2 19— 20
27 56 — 33 — >3 — (2 3 .2  - —  ) i«  - 132.2 - —  ) 28  - 2 9 1 8 -  jij

28 53 — 2 9 — 11.5 — (2 1 -9  - —  ) 18 - 1 3 4 " - . . .  } 2 6 -  27 18— 19

2 9 48 — 28 — * 1 -5 — (24.O  - —  ) 18 — ( 37-5 - -  ) 2 2— 23 15— 16

30 43 — 2 3 — 11 — (2 5 .6  - —  ) 16.5  — ( 38.4 - —  ) 2 3 - 2 4 15— 16

3 i 30 — 20 — 8 — (2 2 .2  - —  ) ■4 - ( 3 8 9 - —  ) 2 2 — 23 15 — 16

32 3 2 — 18 — 8  — (25.O  - —  ) 11 — (3 4  4 -  , 2 3 - 2 4 1 7 - 1 8

33 23 — >4 — 5 — (2 1 -7  - —  j l u  — (43-5 —  ) 2 0 — 21 1 4 - 1 5

34 4 1 — 21 — 9  — (2 2 .0  - —  ) >5 - (3 8 .8 —  ) 2 6 — 27 16— 17

35 28 — >3 — 7 - (25.O  - —  ) 12 — (4 ' - 9 —  ) 17— 18 14— 15

36 27 — >3 — 6 .5  — (2 4 .I  - —  ) 10-5 — ( 3 9 " - ) 17— 18 1 4 ~ 1 5

37 26 — '4 — 6 . 5 - (25.O  - — ) 10 — (3 8 -3 —  ) 17— 18 14— 15

30 26 — ' 3 — 6 — (2 3 1 - ~  ) 10.5  — ( 4 " - 5 -  ) 2 0 — 21 15— 16

Table copied from Mortensen (1943, p. 206)
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Figure B -l :  S ty lized  sketch o f regular echinoid te s t  showing measurabl 
te s t  dimensions: B: "horizontal diameter"; C: v e r t ic a l  dia  
meter; D: apical diameter; E: peristomial diameter.

C -
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Table B-2: Test dimensions o f  S. dAoe.bachizyu>AJ> specimens used in  th is

A B
study.

C D E F G

1 67 34.5(51.7%) 12.7(19.0%) 20.0 30.0%) 68 44

2 76 42.0(55.6%) 15.7(20.8%) 23.7 31.4%) 68 42

3 60 31.5(52.5%) 13.0(21.7%) 19.5 32.5%) 62 40

4 66 34.5(52.3%) 14.4(21.8%) 21.0 31.8%) 66 42

5 72 37.0(51.4%) 14.5(20.1%) 22.0 30.6%) 68 44

6 68 34.0(50.0%) 14.0(20.6%) 21.5 31.6%) 68 44

7 72 38.0(52.8%) 14.0(19.4%) 22.5 31.3%) 70 44

8 60 30.0(50.4%) 12.0(20.2%) 20.0 33.6%) 56 36

9 61 30.5(50.0%) 12.0(19.7%) 20.0 32.8%) 56 40

10 50 25.0(50.0%) 9.5(19.0%) 17.5 35.0%) 52 34

11 46 21.5(46.7%) 9.0(19.6%) 16.0 34.8%) 50 34

12 43 21.0(48.8%) 8.5(19.8%) 15.5 36.0%) 52 36

13 59 29.0(49.2%) 11.5(19.5%) 19.0 32.2%) 60 38

14 76 47.0(61.8%) 13.5(17.8%) 23.0 30.3%) 72 46

15 50 23.5(47.0%) 9.0(18.0%) 20.0 40.0%) 52 36

16 61 29.0(47.5%) 12.0(19.7%) 20.0 32.8%) 64 46

17 67 29.0(43.6%) 12.0(18.0%) 22.0 33.1%) 68 40

Explanation
A: specimen number
B: horizontal diameter (mm)
C: v e r t ic a l  diameter (mm); proportion of v e r t ic a l  diameter to horizontal

diameter m ultip lied  by 100%, in parentheses 
D: apical diameter (mm); proportion of apical diameter to horizontal d i ­

ameter m ultip lied  by 100%, in parentheses 
E: peristomial diameter (mm); proportion of peristomial diameter to hor­

izonta l diameter m u ltip lied  by 100%, in parentheses 
F: average number of ambulacral plates present
G: average number of interambulacral plates present
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Table B -3: P la te  sizes throughout the reconstructed growth series

A B C D E

1 .015/.005/.033 .034/.012/.075 .046/.016/.101 -
2 .020/.007/.044 .060/.020/.132 .081/.028/.178 - -
3 .017/.006/.037 .054/.018/.119 .088/.030/.193 -
4 .025/.009/.055 .076/.026/.167 .108/.037/.237 -
5 .025/.009/.055 .082/.028/.180 .092/.031/.202 .118/.040/.259 -
6 .029/.010/.064 .100/.034/.220 .108/.037/.237 .136/.046/.299 -
7 .030/.010/.066 .090/.031/.198 .125/.043/.274 .138/.047/.303 -
e .040/.014/.088 .128/.044/.281 .150/.051/.329 .163/.056/.358 -
9 .050/.017/.110 .123/.042/.270 .168/.057/.369 .175/.060/.384 -
10 .064/.022/.141 .198/.067/.435 .225/.077/.494 .248/.084/.544 -
11 .060/.020/.132 .168/.057/.369 .208/.071/.457 .238/.081/.522 .265/.090/.582
12 .072/.025/.158 .218/.074/.479 .298/.101/.654 .318/.108/.698 .325/.111/.713
13 .058/.020/.127 .210/.072/.461 .280/.095/.615 .340/.116/.746 .365/.124/.801
14 .070/.024/.154 .285/.097/.626 .333/.113/.731 .353/.120/.775 .378/.129/.830
15 .054/.018/.119 .253/.086/.555 .363/.124/.797 .410/.140/.900 .458/.156/1.005
16 .045/.015/.099 .385/.131/.845 .460/. 157/1.010 .495/.168/1.007 .523/.178/1.148
17 .037/.013/.081 .293/.100/.643 .430/.146/.944 .518/.176/1.137 .565/.192/1.240
Ifi .023/.008/.050 .385/.131/.845 .540/.164/1.t85 .640/.218/1.405 .710/.242/U59
19 .016/.005/.035 .390/.133/.856 • 585/.199/1JB4 .765/.260/1.679 .863/.294/1.895
20 .010/.003/.022 .380/.129/.834 .548/.187/1.203 .690/.235/1.515 .823/. 280/1.807
21 .003/.001/.007 .353/.120/.775 .553/. 188/1.214 .765/.260/1.679 .960/.327/2.108
22 * .316/.108/.694 .538/.183/1.181 .760/. 259/1.668 .970/.330/2.129
23 • .265/.090/.582 .505/.172/1.109 .800/.272/1.756 1.048/.357/2.301
24 • .205/.070/.450 .500/.170/1.098 .808/.275/1.774 1JB6/.438/2.823
25 * .135/.046/.296 .380/.129/.834 .780/.265/1.712 1.150/.391/2.525
26 • .098/.033/.215 .360/.123/.790 .725/. 247/1.592 1.140/.388/2.503
27 * .075/.026/.165 .300/.102/.659 -735/-2S0/1-614 1.17B/.401/2JB6
26 • .040/.014/.088 .200/.068/.439 .648/.221/1.423 1.113/.379/2.443
29 • .012/.004/.026 .150/.051/.329 .505/.172/1.109 .700/.238/1.537
30 * * .100/.034/.220 .420/.143/.922 .996/.339/2.187
31 • • .040/.014/.088 .305/.104/.670 .890/.303/1.954
32 * * .012/.004/.026 .230/.078/.505 .813/.277/1.785
33 • * « .152/.052/.334 .676/.230/1.484
34 • * * .070/.024/.154 .585/. 199/1.284
35 # * * .032/.011/.070 .480/.163/1.054
36 • • • • .400/.136/.878
37 * * * * .300/.102/.659
38 • * • « .195/.066/.428
39 • * • • .100/.034/.220

Rows "1" through "39 
Columns "A" through 

is o ldest,  E most 
T r ip l ic a te  readings:

corrected fo r  enlargement 
metric equivalent (cm2 );

Explanation 

represent individual interambulacral
E" correspond to reconstructed series  
re c e n t ) .
1st en try ,  raw 

( in 2) ; 
no

(1
in

is o ld e s t ) . 
Figure 7 (A

reading ( in ^ ) ;  2nd en try , p la te  s ize ,
3rd en try , p late  size converted to 
measureable growth; p late  unformed.

107

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



_____________________ Table C-1_____________________

Operating parameters fo r  luminoscope observations

Microscope: L e i tz ,  1.25x ocu lar, 4 .3x  objective

Instrument: Nuclide Corp. Luminoscope, Model ELM 2b

Chamber window: c lear to pale yellow

Sample preparation: coarse-ground (400 g r i t )  whole interam-
bulacral components, w ith organic com­
ponents removed

instrument parameters

Beam energy: 8-10 kV 

Beam current: 40-60 microamperes 

Spot diameter: 5-10 mm

Gun type: cold cathode 

Ambient gas: a i r  0 100 m i l l i to r r s

Photographic parameters
Camera: Pentax K-1000 

Film type: Kodak Ektacolor 

Film size/speed: 35 mm, 400 ASA 

Development: normal
Exposure: 60-90 seconds

Standards reported according to criteria sugessted by Marshall, 1978.
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Table C-2: Standards used f o r  e lec tron  microprobe ana lys is .

(1) Dolomite H.U. #10971

CaO 30.71 
MgO 22.20  
C02 47.45

(2) Dolomite #105064

CaO 30.43 
MgO 21.78 
MnO .02
FeO .08
C02 47.37

(3) Kutnahorite #85670

CaO 27.44  
MgO 2.21
MnO 28.31 
FeO .50
C02 41.80

(4) Aragonite (Herongrund, Hungary)

CaO 56.00

A ll standards from U nivers ity  of Chicago, Dept, o f Geology and Geophys
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Table C-3: E lectron  microprobe ana lys is  along a d ra d ia l - in te r ra d ia l  axis
o f  an ambital in te ram bu lac ra l: S. dKOQ.ba.chinYUsii, (data
graphed in  Figure 3).

A B C D E F G

1 623 631990 17275 204014 93.72 6.28
2 548 585701 15382 202616 94.06 5.94
3 566 582428 17729 204295 93.09 6.91
4 618 612355 14988 200988 94.41 5.59
5 538 566463 15961 203886 93.65 6.35
6 580 553375 16656 203241 93.19 6.81
7 572 560609 17115 203947 93.09 6.91
8 500 574483 16352 203842 93.60 6.40
9 552 583337 16657 203837 93.53 6.47
10 545 573944 17299 203591 93.18 6.82
11 564 578810 18461 203453 92.77 7.23
12 550 573938 18748 203814 92.61 7.39
13 545 577682 18090 203797 92.91 7.09
14 570 591987 19526 203882 92.50 7.50
15 525 601732 18693 203571 92.96 7.04
16 553 584268 18681 203614 92.75 7.25
17 587 575291 17864 202871 92.95 7.05
18 598 556968 19284 203871 92.16 7.84
19 541 553383 18341 204045 92.53 7.47
20 538 583261 17722 203540 93.12 6.88
21 577 597336 16454 202292 93.73 6.27
22 565 627005 18130 204496 93.39 6.61
23 554 593318 16041 204843 93.87 6.13
24 626 580053 16493 201142 93.51 6.49
25 575 582107 16447 201133 93.59 6.41
26 532 566532 14293 201289 94.34 5.66
27 584 597486 14978 202072 94.31 5.69
28 546 620713 14831 201979 94.58 5.42
29 569 633391 14718 201091 94.71 5.29
30 581 625589 15794 203145 94.24 5.76
31 883 497449 13214 201168 93.84 6.16
32 561 557218 14355 201162 94.21 5.79
33 593 640463 14405 201315 94.87 5.13
34 540 599756 14295 201372 94.62 5.38
35 548 564166 12679 201428 94.98 5.02
36 576 609085 13869 201154 94.84 5.16
37 567 620946 13532 201361 95.07 4.93
38 530 635838 13576 201287 95.18 4.82
39 613 586337 13204 201197 94.90 5.10
40 626 638195 13582 201783 95.14 4.86
41 625 634555 14840 201371 94.64 5.36
42 629 646512 13923 201309 95.07 4.93
43 586 638886 14412 201134 94.86 5.14
44 566 610890 15435 203761 94.26 5.74
45 570 611590 15342 201484 94.30 5.70
46 543 579335 14039 201437 94.55 5.45
47 560 577096 15811 203981 93.80 6.20
48 570 552370 14656 203985 94.03 5.97
49 556 555406 15687 203328 93.63 6.37
50 619 564799 14630 201246 94.12 5.88
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A B C D E F G

51 538 547310 16394 203340 93.27 6.73
52 609 583868 15581 203287 93.93 6.07
53 526 561335 14363 201442 94.27 5.73
54 487 546617 16290 204739 93.34 6.66
55 607 581109 16398 203924 93.58 6.42
56 665 578528 14706 201256 94.19 5.81
57 567 567259 16581 204043 93.39 6.61
58 568 560107 17062 203041 93.11 6.89
59 519 517880 12860 201195 94.51 5.49
60 550 541189 16191 204080 93.27 6.73
61 543 542383 15905 204122 93.41 6.59
62 502 513057 16741 201126 92.73 7.27
63 574 588979 18103 201143 93.01 6.99
64 556 584112 18959 201192 92.64 7.36
65 563 590149 17040 201516 93.44 6.56
66 577 569725 16968 201139 93.25 6.75
67 573 575371 17842 201643 92.97 7.03
68 590 562732 18027 203889 92.74 7.26
69 591 567642 14871 201049 94.07 5.93
70 661 574333 13970 201153 94.45 5.55
71 567 580767 14418 203867 94.39 5.61
72 632 588621 12344 201069 95.25 4.75
73 593 596020 14855 201939 94.34 5.66
74 584 610645 14566 201702 94.58 5.42
75 554 592778 14813 202908 94.35 5.65
76 630 594047 17838 201472 93.13 6.87
77 572 584437 16353 202549 93.65 6.35
78 516 537595 15886 203800 93.39 6.61
79 543 504828 15871 202736 92.98 7.02
80 596 540734 16896 201359 92.94 7.06
81 573 554572 16847 203048 93.13 6.87
82 535 614107 14808 200866 94.54 5.46
83 574 639365 15395 203265 94.50 5.50
84 566 637905 17493 202147 93.73 6.27
85 570 610971 16680 202320 93.78 6.22
86 552 642135 15608 201798 94.46 5.54
87 544 645979 16089 202563 94.32 5.68
88 550 635613 16268 203079 94.17 5.83
89 603 601140 15512 200754 94.12 5.88
90 525 568402 14272 200886 94.37 5.63
91 583 619286 16130 202615 94.06 5.94
92 596 614137 15645 203110 94.19 5.81
93 604 616533 15478 202540 94.26 5.74
94 592 606703 15724 202392 94.09 5.91
95 533 634115 13932 203305 95.03 4.97
96 562 602407 15120 203504 94.31 5.69
97 708 542483 12969 200481 94.55 5.45
98 754 557995 12820 200529 94.72 5.28
99 717 592786 13613 200586 94.72 5.28
100 705 625296 14185 200580 94.76 5.24
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A B C D E F G
101 599 591051 14670 200651 94.36 5.64
102 624 570229 13332 200731 94.70 5.30
103 582 602843 14915 203470 94.38 5.62
104 550 590845 15392 200751 94.11 5.89
105 550 576750 15046 203263 94.11 5.89
106 569 579257 15598 204435 93.90 6.10
107 573 576991 15368 202906 93.97 6.03
108 582 583310 16161 202201 93.71 6.29
109 566 576125 16431 202581 93.54 6.46
110 514 544253 16167 200819 93.34 6.66
111 530 558518 16388 202940 93.40 6.60
112 590 648873 17399 201526 93.84 6.16
113 569 616173 17836 202034 93.40 6.60
114 584 639497 17506 202341 93.73 6.27
115 533 586592 15956 200553 93.86 6.14
116 574 623193 17096 200726 93.74 6.26
117 493 554449 17027 201449 93.12 6.88
118 546 622215 16843 203886 93.84 6.16
119 550 608044 16064 202006 94.00 6.00
120 568 618344 17630 202362 93.49 6.51
121 560 579436 15530 202462 93.94 6.06
122 587 605876 15973 202342 93.99 6.01
123 517 582756 15924 203473 93.84 6.16
124 539 542796 14868 202733 93.86 6.14
125 518 552783 15779 202805 93.60 6.40
126 543 537750 13310 201531 94.48 5.52
127 523 540037 17721 203672 92.64 7.36
128 549 533358 19726 201344 91.70 8.30
129 563 590889 19603 200887 92.46 7.54
130 667 504828 13385 200757 94.02 5.98
131 558 583431 18871 200726 92.66 7.34
132 567 563826 17182 201351 93.11 6.89
133 564 577752 18086 201818 92.90 7.10

Explanation

A: data fo r  a single po in t,  from "1" (adradial margin) to "133" ( in -
te r ra d ia l  margin)

B: iron count (used only to balance computer input; iron levels too
low to be measured in samples)

C: calcium count
D: magnesium count
E: backround count
F: mole percent calcium
G: mole percent magnesium
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Table C-4: E lectron microprobe ana lys is  along adora l-adapica l ax is o f  an
ambital in te ram bu lac ra l: S. duoe.baakLznA'U (data graphed in
Figure 4 ) .

A B C D E F G
1 528 584627 15363 200870 94.08 5.92
2 562 624122 15531 200847 94.34 5.66
3 631 620321 14703 200671 94.57 5.43
4 433 404753 12157 200706 93.59 6.41
5 565 597454 13838 200837 94.77 5.23
6 611 585847 12530 200717 95.17 4.83
7 600 593329 17031 200663 93.46 6.54
8 521 594289 16806 200494 93.60 6.40
9 676 519746 19683 200729 91.43 8.57
10 488 568104 15811 200552 93.76 6.24
11 451 509138 15137 200525 93.44 6.56
12 516 539597 15517 200338 93.57 6.43
13 535 528163 14838 200786 93.72 6.28
14 512 542957 17956 201790 92.58 7.42
15 534 555720 18989 200482 92.30 7.70
16 536 568965 18353 200400 92.72 7.28
17 568 576301 17734 200174 93.02 6.98
18 535 581915 21272 200227 91.74 8.26
19 577 596559 20826 200250 92.06 7.94
20 574 583415 19160 200051 92.54 7.46
21 500 525711 15623 200133 93.38 6.62
22 502 553499 14709 200013 94.06 5.94
23 610 631052 16132 200131 92.14 5.86
24 534 586640 13641 200109 94.78 5.22
25 586 603300 15299 200393 94.23 5.77
26 682 592938 14568 200397 94.36 5.64
27 546 651544 15370 200285 94.63 5.37
28 548 637115 17220 200407 93.83 6.17
29 573 638648 17804 200305 93.62 6.38
30 568 622949 15763 200221 94.24 5.76

Explanation

A: data fo r  a s ingle po in t,  from "1" (adoral margin) to "30" (adapical 
margin)

B: iron count (used only to balance compute input; iron leve ls  too low 
to be measured in samples 

C: calcium count 
D: magnesium count 
E: backround count 
F: mole percent calcium 
G: mole percent magnesium
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Table C-5: E lectron microprobe ana lys is  along a d ra d ia l - in te r ra d ia l  ax is
o f  an ambital in te ram bu lac ra l, from in t e r io r  surface:

(data graphed in  Figure C-6).

A B C D E F G
1 479 534207 20967 203919 91.25 8.75
2 489 450790 16782 202088 91.82 8.18
3 499 550739 20560 203440 91.63 8.37
4 540 570650 21829 203149 91.38 8.62
5 562 550187 20015 201405 91.80 8.20
6 507 582791 21854 204898 91.55 8.45
7 575 582474 21495 201171 91.64 8.36
8 581 566668 19469 203986 92.22 7.78
9 564 562989 20972 204113 91.59 8.41
10 547 548239 20136 202362 91.73 8.27
11 558 567816 19544 202911 92.22 7.78
12 508 570075 19444 203589 92.32 7.68
13 518 569702 17127 203260 93.23 6.77
14 567 602999 17229 201181 93.50 6.50
15 563 527381 16216 202973 93.09 6.91
16 508 536738 16388 202496 93.17 6.83
17 565 535508 18402 202309 92.26 7.74
18 615 564325 16980 202508 93.16 6.84
19 614 521290 14682 201389 93.65 6.35
20 592 572632 16640 202651 93.40 6.60
21 583 611186 17101 207771 93.61 6.39
22 545 534669 16142 200853 93.22 6.78
23 555 574338 14562 202185 94.28 5.72
24 567 568158 15493 202198 93.84 6.16
25 548 575711 15010 203205 94.12 5.88
26 540 523303 15495 200877 93.37 6.63
27 532 552993 16386 202916 93.34 6.66
28 560 581398 14256 201524 94.47 5.53
29 593 572009 142C0 200796 94.36 5.64
30 901 556083 14534 200650 93.87 6.13
31 581 587180 18093 202152 92.99 7.01
32 577 554882 14391 200983 94.16 5.84
33 561 576113 12479 201572 95.17 4.83
34 570 592134 15895 201871 93.91 6.09
35 552 587702 15438 203167 94.06 5.94
36 565 581587 15765 203420 93.86 6.14
37 581 576703 15950 203601 93.73 6.27
38 535 630214 16192 203392 94.16 5.84
39 530 611610 17252 203805 93.60 6.40
40 531 630903 19589 201220 92.92 7.08
41 502 624770 19503 201669 92.91 7.09
42 518 610915 21005 203143 92.20 7.80
43 535 604671 19902 201853 92.53 7.47
44 526 550878 19561 203243 92.02 7.98

Explanation:

A: data fo r  a single p o in t,  from "1" near adradial margin, to "44" near 
in te r ra d ia l  margin 

B: iron count (used only to balance computer input; iron  leve ls  too low 
to be measured in samples)

C: calcium count 
D: magnesium count 
E: backround count 
F: mole percent calcium 
G: mole percent magnesium
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Figure C-6
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Figure D -l.  C a lib ra tion  curves fo r  determination of Ca by atomic absorp­
tion  analysis.
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Figure D-2. C a lib ration  curves fo r  determination of Mg by atomic absorp­
tion  analysis.
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Explanation fo r  Table D-6

A p la te  number

B weight of p la te  (grams)
B' volume of o r ig in a l 25 ml s o lu tio n  added to  20 ml a liq u o t fo r  calcium and magnesium determ ina­

tio ns  (ml)

C raw absorbance measurements o f calcium in re p lic a te  (atomic absorbance u n its )
C' concentrations o f Ca present in s o lu tio n , converted from re p lic a te  readings (u g /m l)
C" weight percent Ca calcu la ted  fo r  each re p lic a te  [note th a t volume of o r ig in a l so lu tion  added 

to  20 ml a liq u o ts  of d is t i l le d  water fo r  Ca analysis varied ; hence d ilu t io n  fa c to r  used in 
th is  c a lc u la tio n  varied  fo r  each p la te ; see column B ']

D raw absorbance measurements o f magnesium in re p lic a te  (atomic absorbance u n its )
O' concentrations o f Mg present in  s o lu tio n , converted from re p lic a te  readings (u g /m l)
D" weight percent Mg ca lcu la ted  fo r  each re p lic a te  [measurements fo r  Mg from so lu tion  used fo r  

Ca; see note regarding d i lu t io n  fa c to r  fo r  C"]

E raw absorbance measurements o f strontium  in re p lic a te  (atomic absorbance u n its )
E1 concentrations o f Sr present in s o lu tio n , converted from re p lic a te  readings (u g /m l)
E'1 weight percent Sr ca lcu la ted  fo r  each re p lic a te  (no d ilu t io n  fa c to r;  o r ig in a l 25 ml s o lu tio n  used]

F mean weight percent Ca and corresponding mole fra c tio n  Ca x 100% fo r  each p la te
F' mean weight percent Mg and corresponding mole fra c tio n  Mg x 100% fo r  each p la te
F" mean weight percent Sr and corresponding mole fra c tio n  Sr x 100% fo r  each p la te

G to ta l of mole fra c tio n s  o f a l l  cations analyzed fo r  each p la te

H mole percent Ca fo r  each p la te
H' mole percent Mg fo r  each p la te
H" mole percent Sr fo r  each p la te
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Table D-6: Chemical analyses o f  S. dioe.bcLcliie.M-i6: ambita l se r ie s ,
(data  graphed in  Figures 9 and 10)

A B C C' C“ D D' t r  E £' E" F F' F" G H H '  H“
i  n icn c  018 1 -13 3 2 .9 7  017 .063  1 .84  20.5 1 .36 .21 35 .16  2.495 .235 g8  26  8g „  10 45  „
1-31 -01585 0 2 3  1>28  3 7 i3 5  03 8  >1O0 3>15  Q23 1>67 , 26  8 7 . 72  10.27 .2 7  9 8 ,2 5  8 9 ,2 /  1 0 ,4 5  • 27

» n tc tn  017 1 .06  3 2 .4 7  014 .052  1 .5 9  020 1 .32  .2 2  34.155 2.405 .2 5  g5  4 0  eg „  . Q 38  2g
1-32  .01510  Q21 i# 1 7  35 > 84  Q37 >105 3 -2 2  023  K 6 7  >28 85>22  9 . 9 Q . 2 8  9 5 ,4 0  8 9 ,3 3  1 0 ,3 8  ,Z9

i t  «  n ,c 4 , 16-5 1 -02  30 .61  10.5 .  038 1 .3 8  20.5 1 .36  . 23 33:615 2.835 .245 g5  8Q 8 7  55  12 17 28
11-27 .01541 0 2 2  1>22 36 > 62  4g>5 >143 4>2g 022  1 .5 8  .26  8 3 .87  11.66 .2 7  9 5 ,8 0  8 7 ,5 5  1 2 ,1 7  ,2B

t t  ->o n<9 an 014 0 .8 5  3 0 .2 9  12.5 .046  1 .35  16.5 1 .07  . 21 32 .96  2 .2 2  .245 g . „  fig 75  g g6  „
11 -28  .01298  01Q u o o  3 5 .6 3  31.5 .087 3 .0 9  018 1 .27  .24  82 .24  9 .1 3  .2 5  9 1 ,5 3  8 9 ,7 5  9 ,9 5  ,2B

t i t  m e a n  16-5  1 -02 3 0 .6 3  013 . 047 2 .1 9  021 1 .3 8  . 23 32.885 3.045 . 26 Q4 87  86  4g 13 21 3 .
111-31 .01540  Q21 1 1 7  35>14  045  .130  3 .9 0  024 1 .74  .2 9  8 2 .05  12.53 .2 9  ' 4 *87  8 5 ,4 9  13 ,21  ,J1

h i m  m i M  15.5 0 .9 5  3 3 .2 4  19.5 .073  1 .6 4  017 1 .12  .2 2  3 5 .16  2 .4 6  .235 ga 89  42  10 3? 27
111-32 .01322  o lg  u 0 6  3 7 . 0 8  33.5  ;o94 3 .2 8  18.5 1 .32  .2 5  8 7 .7 2  10.12 .2 6  9 8 ,1 0  8 9 ,4 2  1 0 ,3 2  ,2 /

iu  n  m aoA 01 7  1 - 06  3 2 - 79  12-5 - 046  1 - 42  19,5 K 2 7  - 21 34,495 2 ,2 4  ,235 95 56 90 07 9 65 28IV -31  .01495  021  u v  36> 20  035  . 099 3 .0 6  022 1 .58  .2 5  8 6 .07  9 .2 2  .2 7  9 5 ,5 5  9 0 ,0 7  9 ,5 5  *‘ B

iu  m  m a 77  015 0 .9 1  2 8 .5 0  010 .037  1 .1 6  019 1 .25  .21 30.375 1.91 .2 3  a3  g2  go g 37  „
XV—32 .01477  ^ 5  1<03  3 2 . 2 5  031 .085  2 .6 6  021 1.51 .2 5  75 .79  7 .8 6  .2 7  8 3 ,9 4  9 0 ,3 1  9 ,3 7  ,3Z

018 1 .13  3 4 .0 0  12.5 .046  1 .3 8  20.5 1 .36  .2 3  35-355 2.315 .2 6  qa n? aq qq q 71 3Q
V-32 -01537 02 2  K 2 2  3 6 7 1  Q38 >108  3>25  024  1 .74  .2 9  88 .21  9 .5 2  .2 9  9 8 ,0 2  8 9 ,9 9  9 ,7 1  ,3U

V-33 .01287

1-19 .03698

1-20 .03516

o to  rvjeoe 0 4 9  3 .U Z  H .  / 9  JJ.D .1 J J  1 .0 0  U S / 4 .U A  .Cl iOUO 1 .0 0  . J i  irK  nq q? 3 0  j  37  3 3
£ - 1 9  .U J 0 9 0  OCQ 7 40 7 0  0 7  0C7 1AB 9  i n  £7 A A 1A 9A QA QA 7 7 1  3A — —  7 A .J U  I .31

2 -2 0  .03332

3 -1 9  .03567  

3 -2 0  .03313  

5 -1 9  .03622  

5 -2 0  .03555

013 0 .7 9 2 8 .3 9 013 .047 1. 69 16.5 1 .07 .2 1 31J085 2 .3 2 .23
017 0 .9 4 3 3 .7 8 030 .082 2 ..95 18.5 1.32 .2 5 77 .56  9 .5 5 .26

048 2 .9 5 3 6 .89 036 .144 1 ..80 055 3 .8 5 .26 3 8 .0 8  2 .0 4 .30
057 3 .1 4 39 .27 061 .182 2 .,28 065 4 .9 6 .34 95.01  8 .3 9 .34

46.5 2 .8 5 3 7 .49 034 .135 1.,78 052 3 .6 2 .2 6 38.475 2 .0 6 .29
54.5 3 .0 0 39 .46 060 .178 2 ..34 059 4 .4 9 .3 2 9 6 .00  3 .4 8 .33

049 3 .02 3 7 .79 33.5 .133 1 ..66 057 4 .0 2 .2 7 38555 1 .88 .31
058 3 .19 3 9 .92 057 .168 2 ..10 67.5 5 .1 6 .3 5 96 .94  7 .7 4 .35

045 2 .7 3 3 7 .89 035 .139 1 .93 051 3 .5 4 .27 3 9 .1 4  2.215 .30
053 2.91 4 0 .3 9 60.5 .180 2 .5 0 058 4 .4 0 .3 3 9 7 .65  9 .11 .34

047 2 .8 8 3 7 .34 037 .148 1 .92 055 3 .8 5 .27 3 8 .64  2.115 .30
056 3 .0 8 3 9 .94 060 .178 2 .31 063 4 .8 0 .33 96.41 8 .7 0 .35

045 2 .7 3 38.11 033 .131 1 .8 3 051 3 .54 .27 39.715 2.075 .305
054 2 .9 6 4 1 .3 2 56.5 .166 2 .32 059 4 .4 9 .34 9 9 .09  8 .5 3 .3 5

048 2 .9 5 3 7 .6 7 35.5 .142 1 .81 055 3 .8 5 .27 39 .  075 1.995 .295
57.5 3 .1 7 4 0 .4 8 058 .171 2 .1 8 61.5 4 .6 7 .3 2 9 7 .49  8 .21 .3 4

046 2.81 3 6 .56 034 .135 1 .7 6 053 3 .6 9 .26 38.185 2 .01 .286
55.5 3 .06 39.81 059 .174 2 .26 59.5 4 .5 3 .31 9 5 .2 7  8 .2 7 .3 3
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EXPLANATION FOR TABLE D-7

A plate number
"1" designates oldest plate in series, "38" denotes youngest plate in series;
"14A" and "14B" are randomly broken portions of the same plate

8 weight of plate (grams)
B' dilution factor required in calculations for strontium, calcium and magnesium, except 

where "o.s." denotes original solution (25 ml)

C raw absorbance measurements of calcium in replicate (atomic absorbance units)
C' concentrations of Ca present in solution, converted from replicate readings (pg/ml)
C" weight percent Ca calculated for each replicate [note that 0.2 ml of diluted original solution

was added to 20 ml aliquots of d is tilled  water for Ca analysis; hence, two dilution factors
must be used in this calculation, with the exception of plates where "o.s." indicated]

D raw absorbance measurements of magnesium in replicate (atomic absorbance units)
D1 concentrations of Mg present in solution, converted from replicate readings (ug/ml)
D" weight percent Mg calculated for each replicate [measurements for Mg from solution used for Ca 

and same dilution factor(s) must be used in this calculation]

E raw absorbance measurements of strontium in replicate (atomic absorbance units)
E' concentrations of Sr present in solution, converted from replicate readings (ug/ml)
E“ weight percent Sr calculated for each replicate [d ilution factor noted in column B' must be used 

in calculations for Sr]

F raw absorbance measurements of iron in replicate (atomic absorbance units)
F1 concentrations of Fe present in solution, converted from replicate readings (ug/ml)
F" weight percent Fe calculated for each replicate [no dilution factor; original solution used]

G raw absorbance measurements of manganese in replicate (atomic absorbance units)
G' concentrations of Mn present in solution, converted from replicate readings (ug/ml)
G" weight percent Mn calculated for each replicate [no dilution factor; original solution used]

H mean weight percent Ca and corresponding mole fraction Ca x 100X for each plate
H1 mean weight percent Mg and corresponding mole fraction Mg x 100X for each plate
H" mean weight percent Sr and corresponding mole fraction Sr x 100X for each plate
H" mean weight percent Fe and corresponding mole fraction Fe x 100X for each plate
H"" mean weight percent Mn and corresponding mole fraction Mn x 100X for each plate

J total of mole fractions of a ll cations analyzed for each plate

K mole percent Ca for each plate
K1 mole percent Mg for each plate
K" mole percent Sr for each plate
K” mole percent Fe for each plate
K"" mole percent Mn for each plate
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$ Table D-7: Chemical analyses of S. faan cA A can u i: interambulacral series,
o (data graphed in Figures 11 and D-11 through D-15)
O

CD

OO"O
p
ca  

o
3
CD—s

T1C

CD

—i
CD■o
oQ.C
a
o3
■o-5o

CD
Q.

■o
CD

C/)C/)

A B B' C C1 C“ 0 O' 0* E E1 E“ F F' F“ G G' G" H H' H" H“ H“ J K K< K- Km

1 .02723 o.s. 101 3.82 38.97 
101 3.65 37.24

089 .243 2.48 
086 .258 2.63

054 3.38 .31 
056 3.29 .30

002
003

.12 .0110 

.15 .0138
0.5
001

.010 .0009 

.020 .0018
38.11 2.56 
95.07 10.51

JOS .0124 
.35 .022

.00136

.002 105.96 89.728 9.921 .328 .021 .002

2 .02700 o.s. 097 3.66 37.62
098 3.52 36.18

079 .216 2.22 
075 .223 2.29

053 3.32 .31 
055 3.23 .30

002
003

.12 .0111 

.15 .0139
0.5
001

.010 .0009 

.020 .0019
36.90 2.255 JOS .0125 
92.07 9.28 .35 .022

.0014

.003 101.72 90.512 9.121 .342 . 022 .003

3* .02059 o.s. 080 2.94 39.76 
080 2.82 38.14

063 .169 2.29 
061 .179 2.42

041 2.49 .30
042 2.41 .29

002
002

.12 .0146 

.10 .0134
0.5
0.5

.010 .0012 

.010 .0012
38.95 2J65 .295 .0134 
97.18 9.69 .34 .024

.0012

.002 107.23 90.626 9.035 . 314 .022 . 002

5 .06783 2.429 102 3.86 38.37 
102 3.69 36.68

088 .240 2.39 
084 .251 2.49

054 3.38 .30 
057 3.36 .30

004
004

.22 .0081 

.19 .0070
001 .020 .0007 37.525 2.44 

93.63 10.04
.30 .0075 
.34 .013 .001 104.02 90.007 9.651 .329 .012 . 001

6 .06705 2.429 095 3.57 35.86 
095 3.40 34.15

082 .223 2.21 
079 .236 2.37

053 3.32 .30 
056 3.29 .30

008
007

.44 .0164 

.34 .0127
002
002

.040 .0015 

.040 .0015
35.005 2.305 
87.34 9.48

.30 .0146 

.34 .026
.0015
.003 97.19 89.860 9.758 .352 .027 .003

7 .08275 2.66 105 3.99 35.66 
104 3.77 33.69

090 .246 2.20 
086 .258 2.31

060 3.83 .31 
065 3.88 .31

006
005

.33 .0099 

.24 .0072
002
002

.040 .0012 

.040 .0012
34.675 2.225 
86.51 9.28

.31 .0086 

.35 .015
.0012
.002 96.16 89.966 9.648 . 368 .016 .002

8 .09313 2.66 123 4.77 37.91 
122 4.54 36.09

106 .291 2.31 
102 .308 2.45

067 4.39 .31 
072 4.34 .31

010
011

.56 .0150 

.54 .0145
003
004

.060 .0016 

.080 .0021
37.00 2.38 
92.32 9.79

.31 .0148 

.35 .026
.0019
.003 102.49 90.072 9.554 .345 .025 .003

9 .10861 3 119 4.60 35.26 
119 4.42 33.88

102 .279 2.14 
09> 2.29

067 4.39 .30 
073 4.41 .30

007
008

.39 .0090 

.39 .0090
02.5
003

.045 .0010 

.060 .0014
34.57 2.215 
86.25 9.11

.30 .0090 

.34 .016
.0012
.002 95.73 90.104 9.520 .357 .017 .002

10 .11300 3 119 4.60 33.89 
119 4.42 32.56

102 .279 2.06 
097 .292 2.15

068 4.48 .30 
073 4.41 .29

010
010

.56 .0124 

.50 .0111
02.5
003

.045 .0010 

.060 .0013
33.225 2.105 295 .0118 
82.90 8.66 .34 .021 .

.0012

.002 91.92 90.186 9.423 .367 .023 .0C2

11 .14706 4.143 124 4.82 37.67
125 4.67 36.50

108 .297 2.32 
102 .308 2.41

070 4.64 .33 
076 4.62 .33

007
008

.39 .0066 

.39 .0066
003
004

.060 .0010 

.080 .0014
37.085 2.366 
92.53 9.73

.33 .0066 

.38 .012
.0012
.002 102.65 90.139 9.480 . 367 .012 .002

12 .15167 4.143 134 5.28 40.01
135 5.12 38.80

117 .322 2.44 
110 .337 2.55

077 5.32 .36 
082 5.02 .34

010
011

.56 .0092 

.54 .0089
004
005

.080 .0013 

.095 .0016
39.405 2.496 
98.32 10.27

.35 .0091 
A0 .016

.0015

.003 109.00 90.199 9.418 . 366 .015 . 003

13 .22630 6.5 109 4.17 33.24 
109 4.00 31.88

089 .243 1.94 
086 .258 2.06

064 4.14 .30 
067 4.02 .29

007
009

.39 .0043 

.44 .0049
005
006

.095 .0010 

.115 .0013
32.56 2.00 
81.24 8.23

.295 .0045 
.34 .008

.0012

.002 89.81 90.452 9.161 .375 .009 .002

14
A

.06216 2.429 087 3.23 35.00 
086 3.03 32.83

072 .194 2.10 
070 .208 2.25

046 2.82 .28 
049 2.84 .28

003
003

.17 .0068 

.15 .0060
001
002

.020 .0008 

.040 .0016
33.915 2.175 
84.62 8.95

.28 .0064 

.32 .011
.0012
.002 93.90 90.115 9.530 .341 .012 .002

14
B

.16690 4.66 119 4.60 35.69 
117 4.33 33.60

097 .265 2.06 
092 .276 2.14

066 4.31 .30 
070 4.22 .29

007
008

.39 .0058 

.39 .0058
004
005

.080 .0012 

.095 .0014
34.645 2.10 
86.44 8.64

.295.0058 .0013 

.34 .010 .002
95.43 90.580 9.054 .353 .010 .002

see next page
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EXPLANATION FOR TABLE D-8

A plate number
"1" designates o ldest p la te  in series

B weight o f p la te  (grams)
B1 volume o f o r ig in a l 25 ml so lu tion  added to  20 ml a liq u o t fo r  calcium and magnesium determ ina­

tio n s  (m l)

C raw absorbance measurements o f calcium in re p lic a te  (atomic absorbance u n its )
C1 concentrations o f Ca present in so lu tion , converted from re p lic a te  readings (u g /m l)
C" weight percent Ca ca lcu la ted  fo r  each re p lic a te  [note  th a t volume o f o r ig in a l so lu tio n  added

to  20 ml a liq u o ts  of d is t i l le d  water fo r Ca analysis varied ; hence d i lu t io n  fa c to r  used in 
th is  c a lc u la tio n  varied  fo r  each p la te ; see column B1]

0 raw absorbance measurements o f magnesium in re p lic a te  (atomic absorbance u n its )
O' concentrations o f Mg present in so lu tio n , converted from re p lic a te  readings (u g /m l)
D" weight percent Mg ca lcu la ted  fo r  each re p lic a te  [measurements fo r  Mg from so lu tion  used fo r

Ca; see note regarding d i lu t io n  fa c to r fo r  C"]

E raw absorbance measurements o f strontium in re p lic a te  (atomic absorbance u n its )
E’ concentrations of Sr present in so lu tion , converted from re p lic a te  readings (u g /m l)
E" weight percent Sr ca lcu la ted  fo r  each re p lic a te  (no d i lu t io n  fa c to r ;  o r ig in a l 25 ml so lu tio n  used]

F mean weight percent Ca and corresponding mole fra c t io n  Ca x 100% fo r  each p la te
F' mean weight percent Mg and corresponding mole fra c t io n  Mg x 100% fo r  each p la te
F” mean weignt percent Sr and corresponding mole fra c tio n  Sr x 100% fo r  each p la te

G to ta l  o f mole fra c tio n s  of a l l  cations analyzed fo r  each p la te

H mole percent Ca fo r  each p la te
H' mole percent Mg fo r  each p la te
H” mole percent Sr fo r  each p la te
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Table d-8 : Chemical analyses of S. duoebaclUznAiA: interambulacral series.
(data graphed in Figure 12)

A B B‘

1 /3  .01333 13

2 /4  .01656 17

5 .01107 11

6 .01245 12

1 n . c n  US’  ■«•«» V I I  ' £ V V  C .UU UIO C . 1 1  . C O  J t .  IJ  c . u t  . C l  gg go
/  .0 1 5 /7  15 nai i  n  o i m i  9 1 7  5 no n u  i  17 m  on ifi R IQ .11 0 0 . 0 0

8 .01817 18

9 .01796 18

10 .01963 20

1 1  n o  m o  0 1  , U J  o . ’ U  o i . t u  u o s  . c j c  c . j j  u o u  j .  i i . 0 1  j j . c u  0 . 0  u  . 0 1  - n 7  ~ -11 .U21UB ,Q7 3 9q 39>20 q80 23B 2 3g 053 3 ,0 31 97>eo 9>7, >35

15 m t t i  i t  093 3.47 34 .26  076 .207 2 .04  050 3.11 .30  34 .31 2 .09  .30  Q.
I c  .UlOOl n m  1 a o  o a  i t  m i  i n  5 m n t i  1 m  m  Qt t n  a tn  I t

13 .02910 29

14 .02908 29

« C  U3t J . 1 J  J J . 1 V  U /J . 1 5 0  I . 3 U O H O  c  . 5 /  .  t 3  J J . I J  t  .  U t 3  . t »  n n  n n
15 .03268 32 Q95 3-40 3 3 6 0  071 >211 2 .09  053 3.10 .30  84 .21  8 .3 3  .34

. t  m n t  m  094 3.51 35.24 081 .221 2 .22  049 3 .03  .30  3 4 .8 9  2 .2 6  JOS 7n16 .03424 34 ggg 3 > 4 4  3 4 > & 4  Q 7 7  > 2 2 9  2>3Q Q 5 3  3>1Q > 3 1  8 7 > ( J 5  9-3{) > 3 5

n  n m n  n  090 3.34 33 .89 075 . 204 2 .07  048 2 .97  . 30 3 3 .79  2.106 . 30 a-.
17 .04279 43 o g 3  3  3 2  3 3 6 9  Q 7 1  2 n  2  1 4  g5 2  3 > 0 3  >3Q g4 - 3 1  g > 6 6  _ 3 4  »J -J i

.o  n n m  n  084 3 .1 0  31.31 066 .178 1.80 049 3 .03  . 30 31 .21  1.84 . 31 7Q18 .04397 44 ^  3 > 0 8  3 , n  ^  , 8 6  , gg Q 5 4  3 J ?  > 3 2  ? 7 - 8 7  ? > 5 7  _3& 0 3 . 1')

m  n ,c n .  . .  092 3 .43  34.64 071 .192 1.94 050 3.11 .31 34 .69  1.99 J IS  Q(- ln
19 .04601 46 og6 3-44 34>74 068 >202 2>04 054 3-17 _32 86>55 8-19  >36

nn n n . .  n  093 3.47 34.97 073 .198 2 .00  050 3.11 .31 35 .4752.05 .31 „ 7
20 .04714 47 og9 3 57 35>98 m  Z 0 8  2 .1 0  053 3.10 . 31 88 .51  8 .4 3  . 35

n .m c  .n  091 3 .38  33.47 073 .198 1.96 051 3.17 . 31 33.9652.025 .31 0,
21 .04075 40 n07 i  *n  i t  t f .  n 7 i i n  5 nq nR i 1*17 *11 t u . l t  R . l l  .1R

22 .04138 41

c C' C" 0 D‘ D" E E' E" F F' F"

093 3.47 34.26 082 .223 2.20 049 3.03 .30 34 .11 2.245 .30
096 3.44 33.96 078 .232 2.29 053 3,.10 .30 85,.10 9.24 .34

094 3.51 36.31 079 .215 2.22 045 2 .76 .28 36 .15 2.26 .285
097 3.48 35.99 075 .222 2.30 049 2 .84 .29 90 .19 9.30 .33

088 3.27 32.73 075 .204 2.04 044 2 .79 .28 32 .78 2.075 .275
092 3.28 32.83 071 .211 2.11 047 2.72 .27 81 .79 8.54 .31

093 3.47 33.65 080 .218 2.11 046 2.82 .27 33 .89 2.155 .275
098 3.52 34.13 076 .227 2.20 050 2 .91 .28 84 .56 8.87 .31

091 3.38 32.41 077 .209 2.00 048 2.97 .28 32 .13 2.04 .29
093 3.32 31.83 073 .217 2.08 054 3.17 .30 80 .16 8.39 .33

088 3.27 32.66 074 .202 2.02 047 2.89 .29 32 .46 2.05 .29
.091 3.23 32.26 070 .208 2.08 051 2.97 .29 80 .99 8.43 .33

089 3.31 33.43 073 .198 2.00 047 2.89 .29 33 .28 2.03 .295
092 3.28 33.13 069 .204 2.06 052 3.03 .30 83 .03 8.35 .34

087 3.23 33.29 075 .204 2.10 048 2.97 .30 33 .136 2.135 .30
090 3.20 32.98 071 .211 2.17 051 2.97 .30 82 .67 8.78 .34

103 3.90 39.20 085 .232 2.33 050 3,.11 .31 39 .20 2.36 .31
107 3.90 39.20 080 .238 2 .39 053 3,.10 .31 97 .60 9.71 .35

093 3.47 34.26 076 .207 2.04 050 3,.11 .30 34 .31 2.09 .30
097 3.48 34.36 073 .217 2.14 053 3..10 .30 85 .60 8.60 .34

093 3.47 34.93 076 .207 2 .08 049 3,.03 .30 35,.43 2.11 .30
099 3.57 35.93 072 .213 2.14 052 3..03 .30 86,.40 8.68 .34

091 3.38 34.02 073 .198 1.99 049 3,.03 .30 34,.12 2.02 JOE
095 3.40 34.22 069 .204 2 .05 053 3,.10 .31 85,.13 8.31 .35

092 3.43 33.90 073 .198 1.96 048 2..97 .29 33,.75 2.025 295
095 3.40 33.60 071 .211 2 .09 053 3,.10 .30 84,.21 8.33 .34

094 3.51 35.24 081 .221 2 .22 049 3..03 .30 34..89 2.26 JOS
096 3.44 34.54 077 .229 2 .30 053 3..10 .31 87,.05 9.30 .35

090 3.34 33.89 075 .204 2.,07 048 2. 97 .30 33..79 2.106 .30
093 3.32 33.69 071 .211 2.,14 052 3. 03 .30 84. 31 8.66 .34

084 3.10 31.31 066 .178 1.,80 049 3. 03 .30 31. 21 1.84 .31
087 3.08 31.11 063 .186 1..88 054 3. 17 .32 77. 87 7.57 .35

092 3.43 34.64 071 .192 1.,94 050 3. 11 .31 34. 69 1.99 J15
096 3.44 34.74 068 .202 2.,04 054 3. 17 .32 86.,55 8.19 .36

093 3.47 34.97 073 .198 2..00 050 3. 11 .31 35. 475 2.05 .31
099 3.57 35.98 070 .208 2.,10 053 3. 10 .31 88. 51 8.43 .35

091 3.38 33.47 073 .198 1.,96 051 3. 17 .31 33. 965 2.025 .31
097 3.48 34.46 071 .211 2. 09 054 3. 17 .31 64. 74 8.33 .35

094 3.51 35.11 074 .202 2. 02 051 3. 17 .31 35. 16 2.05 .31
098 3.52 35.21 070 .208 2. 08 054 3. 17 .31 87. 72 8.43 .35

124

H H' H" 

89.88 9.76 .36

90.35 9.32 .33

90.24 9.42 .34 

90.21 9.46 .33 

90.19 9.44 .37

90.24 9.39 .37

90.53 9.10 .37 

90.06 9.57 .37

90.67 9.00 .32

90.54 9.10 .36 

90.74 8.91 .35

90.77 8.86 .37

90.67 8.97 .37 

90.02 9.62 .36

90.35 9.28 .36

90.77 9.96 .41 

91.01 8.61 .38 

90.98 8.66 .36 

90.71 8.92 .37 

90.90 8.74 .36

next page
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23 .04239 42
093 3.47 
096 3.44

34.72
34.42

072
069

24 .04161 42
090 3.34 34 .06 
092 3 .2 8  33 .45

068
066

25 .03688 37
098 3 .6 8  37 .27 
102 3 .6 9  37 .37

074
070

26 .03516 35
092 3.43 
096 3 .44

34.45
34.55

086
080

27 .03389 34
091 3.38 
094 3.36

34.24
34.04

071
066

28 .03241 32
095 3.56 
099 3.57

35.51
35.61

073
069

29 .02907 29
090 3.34 
094 3.36

33.62
33.82

071
068

30 .02630 26
091 3 .38  
095 3.40

33.75
33.95

071
068

31 .02199 22
088 3.27 
093 3.32

33.03
33.53

068
067

32 .02022 20 090 3.34 
093 3.32

33.40
33.20

069
066

33 .01629 16
092 3 .43  
095 3.40

34.01
33.71

069
065

34 ,0139n 14 090 3.34 
094 3.36

33.73
33.94

068
064

35 .01104 11 CC7 3.23 
090 3 .20

32.62
32.32

064
060

36 .00623 6 089 3.31 
092 3.28

32.35
32.06

066
063

37 .00231 3
071 2 .57  
073 2 .5 3

33.86
33.33

052
051

.234 2 .3 5  049 3 .0 3  .30

.238  2 .3 9  054 3 .1 7  .32

.192 1.94 050 3.11 .31

.196 1.99 053 3 .10  .31

.198 1.98 051 3 .17  .31

.204 2 .03  054 3.17 .31

.192 1.93 050 3.11 .31

.202 2 .03  053 3 .1 0  .31

.192 1.92 049 3 .03  .30

96 .18  

93.61 

97 .32  

92 .63 

92.91 

91 .30

.196 1.96 051 2 .9 7  .29  8 3 .0 8  7 .8 6  .33  91 ,27

O O  O O  O  C  '  o o  o o c

92 .50  

92 .48  

88 .59  

87 .98  

91 .90

34 .57 1.996 .31
86.25 8.21 .35

33 . 756 1.936 .315
84.22 7 .9 6 .36

37 .32 2 .0 8 .315
93 .11 8.66 .36

34 .50 2 .3 7 .31
86 .08 9 .7 5 .35

34 .14 1.966 .31
85 .18 8 .0 8 .35

35,.56 2.006 .31
88,.72 8 .2 5 .35

33,.72 1.98 .31
84,.13 8 .1 5 .35

33,.85 1.97 .30
84,.46 8.11 .34

33,.28 1.925 .305
83..03 7 .9 2 .35

33.,30 1.91 .29
83.,08 7 .8 6 .33

33. 86 1.87 .285
84 . 48 7.69 .33

33 . 835>1.88 .28
84 . 42 7.74 .32

32 . 47 1.765 .28
81 . 01 7 .2 6 .32

32 . 206 1.78 .27
8 0 . 35 7 .3 2 .31

33 . 596 1.89 .26
83 . 82 7 .7 8 .30

94.81

1 25

90.97 8.66 .37 

91.01 8.60 .39 

91.26 8.39 .35 

89.5010.14 .36 

90.99 8.63 .37 

91.16 8.48 .36 

90.82 8.80 .38 

90.91 8.73 .37 

90.94 8.67 .38 

91.03 8.61 .36

91.33 8.31 .36 

91 .28 8.37 .35 

91.44 8.20 .36

91.33 8.32 .35 

91.21 8.47 .33
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EXPLANATION FOR TABLE D-9
A p la te  number

"1" designates o ldest p la te  in series

B weight of p la te  (grams)
B' volume of o r ig in a l 25 ml so lu tion  added to  20 ml a liq u o t fo r  calcium and magnesium determ ina­

tio ns  (ml)

C raw absorbance measurements of calcium in re p lic a te  (atomic absorbance u n its )
C' concentrations o f Ca present in so lu tio n , converted from re p lic a te  readings (ug /m l)
C“ weight percent Ca calcu la ted  fo r  each re p lic a te  [note th a t volume of o r ig in a l so lu tion  added 

to  20 ml a liq u o ts  of d is t i l le d  water fo r  Ca analysis varied ; hence d ilu t io n  fa c to r  used in 
th is  c a lc u la tio n  varied fo r  each p la te ; see column B ']

0 raw absorbance measurements o f magnesium in re p lic a te  (atomic absorbance u n its )
O' concentrations o f Mg present in so lu tio n , converted from re p lic a te  readings (u g /m l)
0" weight percent Mg calcu la ted  fo r  each re p lic a te  [measurements fo r  Mg from so lu tion  used fo r

Ca; see note regarding d ilu t io n  fa c to r  fo r  C"]

E raw absorbance measurements o f strontium  in re p lic a te  (atomic absorbance u n its )
E' concentrations o f Sr present in so lu tio n , converted from re p lic a te  readings (u g /m l)
E" weight percent Sr ca lcu la ted  fo r  each re p lic a te  (no d ilu t io n  fa c to r;  o r ig in a l 25 ml so lu tion  used]

F mean weight percent Ca and corresponding mole fra c tio n  Ca x 1001 fo r  each p la te
F1 mean weignt percent Mg and corresponding mole fra c tio n  Mg x 1001 fo r  each p la te
F" mean weight percent Sr and corresponding mole fra c tio n  Sr x 1001 fo r  each p la te

G to ta l of mole frac tio n s  of a l l  cations analyzed fo r  each p la te

H mole percent Ca fo r  eacn p la te
H' mole percent Mg fo r  eacn p la te
H" mole percent Sr fo r  eacn p la te
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Table D-9: Chemical analyses o f  S. dn.ozbackicn&-L&: interambulacral series.
(data not graphed)

A B B' C C' C“ 0 D' D" E E' E" F F' F" fi H H1 H"

1/3 .00572 1.2 118 4 .26 33.01 
122 4 .23 32.78

089
089

.246

.241
1.91
1.87

006 .32 .13 
006 .38 .16

32.895 1.89 
82.07 7.78

.145

.17 90.02 91.17 8.64 .19

2 .00410 1.8 120 4 .34  32.05  
128 4 .48  33.08

096
096

.267

.260
1.97
1.92

003 .16 .10 
003 .28 .18

32.57 1.945 
81.25 8 .00

.14

.16 89.41 90.87  8 .95 .18

4 .00543 1.4 133 4 .8 8  34.53
134 4 .73  33.47

103
104

.286

.282
2 .0 2
2 .0 0

006 .3? .16 
005 .32 .16

34.00 2.01  
84.83 8 .27

.16

.18 93.28 90.94 8.87 .19

s .00324 2.3 117 4 .22  31.97
118 4 .08  30.90

096
099

.267

.268
2 .0 2
2.03

002 .11 .09 
002 .12  .10

31.435 2.025 
78.43 8 .33

.095

.11 86.87 90.28  9 .59 .13

6 .00835 .9 134 4 .92  34.00
135 4 .77  32.97

102
102

.284

.277
1.96
1.91

010 .54 .17 
010 .65 .20

33 /85  1.935 .186 
83.55 7.96 .21 91.72 91.09 8 .6 8 .23

7 .00990 .7 127 4 .64  34.71 
129 4 .52  33.75

094
096

.262

.260
1.96
1.94

013 .71 .18 
013 .86  .22

34.23 1.95  
85.40 8 .02

.20

.23 93.65 91.19 8 .56 .25

8 .01108 .7 140 5 .19  34.57
141 5 .02 33.43

105
104

.293 

.282
1.95
1 .8 8

023 1.32 .30  
028 2.12 .48

34.00 1.915 
84.83 7.88

.39

.45 93.16 91.06 8 .46 .48

9 .01243 .6 140 5 .19  35.93  
139 4 .94  34.19

103
104

.286

.282
1.98
1.95

059 3.66 .76  
068 5.72 1.19

35.06 1.965 
87.48  8 .08

.975
1.11 96.67 90.49 8 .36 1.15

10 .01428 .5 136 5 .02  35.96  
136 4 .82  34.55

100
101

.278

.274
1.99
1.96

021 1 JO .21 
021 1.51 .27

35.265 1.975 
87.99 8 .13

.24

.27 96.39 91.29  8 .43 .28

11 .01742 .4 135 4 .98  36.49  
137 4 .86  35.61

099
099

.275

.268
2 .0 2
1.96

27.5 1.62 . 24 
026 1.94 .29

36.05 1.99  
89.95 8 .19

.265

.30 98.44 91.38  8 .32 .30

12 .02063 .4 155 5 .85 36.21 
159 5.81 35.96

114
116

.318

.316
1.97
1.96

32.5 1.93 .23
31.5 2.42 .29

36JDB6 1.965 
90.03  8 .08

.26

.30 98.41 91.48  8.21 .30

13 .02042 .4 145 5 .42  33.88  
155 5 .63  35.19

108
109

.302

.296
1.89
1.85

038 2.29 .29
039 3.06 .38

34 SB 1.87 
86.17 7.69

.336

.38 94.24 91.44 8.16 .40

14 .02316 .3 124 4 .52  32.96  
126 4.41 32.16

086
087

.239

.235
1.74
1.71

36.5 2.18 .24 
035 2.71 .29

32.56 1.725 .265 
81.24 7 .10  .30 88.64 91.65 8.01 .34

15 .02497 .3 148 5 .53  37.42
149 5 .37 36.34

102
103

.284

.279
1.92
1.89

041 2.48 .25  
039 3.07 .31

36.88 1.906 
92.02 7.84

.28

.32 100.18 91 .85  7 .83 .32

16 .03104 .2 125 4 .56  37.14  
125 4 .36  35.51

082
081

.228

.219
1.86
1.78

052 3.19 .26 
49.5 4.00 . 32

36.325 1.82  
90.63 7 .49

.29

.33 98.45 92 .06  7.61 .34

17 .03115 .2 125 4 .56  36.90
126 4.41 35.69

081
081

.226

.219
1.83
1.77

051 3.12 .25  
048 3.86 .31

36.2961.80  
90.56 7.41

.28

.32 98.29 92 .14  7.54 .33

18 .03134 .2 133 4 .88  39.37  
132 4 .66  37.59

085
084

.237

.227
1.91
1.83

054 3.32 .27  
052 4.20 .34

38.48 1.87 
96.01 7.69

.306

.35 104.06 92 .27  7.39 .34

21 .03287 .2 "T O  4 .42  33.92  
122 4 .23  32.46

077
078

.213

.2 1 2
1.63
1.63

058 3.59 .27 
054 4.39 .33

33.19 1.63 
82.81 6.71

.30

.34 89.86 92 .15  7.47 .38

22 .03750 .2 146 5 .45 36.70  
146 5 .24  35.28

095
095

.264

.258
1.78
1.74

064 4.00 .26  
60.5 5.09 . 33

35.99 1.76 
89.80 7.24

.295

.34 97 .38 92 .22  7.43 .35
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23 .03722 .2 138 5.11 34.68  
140 4 .9 8  33.80

091
090

.253

.243
1.72
1.65

63.5 3.96 .27
59.5 4.90 .33

34.24 1.685 .  30 
85 .43  6 .93  .34

24 .03252 .2 132 4 .84  37.60  
136 4 .8 2  37.45

089
088

.246 1.91 

.238 1.85
055 3.39 .26 
053 4 .X  .33

37.525 1.88 .296 
93.63 7 .74 .34

25 .03329 .2
103 3 .63  27.74  
108 3 .6 8  28.13

068
069

.187

.186
1.43
1.42

55.5 3.42 .26  
052 4.20 . 32

27.935 1.425 .  29 
69.70  5 .86  .30

26 .03204 .2 128 4 .6 8  37.22  
126 4 .41 34.80

080
082

.223

.221
1.76
1.74

057 3.52 .28  
054 4 .X  .35

36.01 1.75 .315 
89 .85  7 .20  .36

27 .02813 .3 155 5 .87  35.34  
154 5 .59  33.65

100
102

.278

.277
1.67
1.67

047 2.87 .26 
46.5 3.72 . 33

34.496 1.67 .295 
86.07  6 .87  .34

28 .02711 .3 157 5 .95  37.74
158 5 .76  36.53

103
103

.286

.280
1.81
1.78

7B.5 4.99 .47 
080 7.02 .66

37.1X 1.795  .565 
92.65 7 .39  .64

29 .02434 .3 137 5 .06  35.23
138 4 .90  34.11

086
089

.239

.241
1.66
1 .6 8

040 2.41 .25  
X .5  3.11 .32

34.67 1.67 .286 
86.50  6 .87  .33

30 .02155 .3 134 4 .92  38.53
135 4 .77  37.36

085
087

.237
.235

1.86
1.84

036 2.16 .25  
036 2.80 .  32

37.945 1.85 .286 
94.67 7.61 .33

31 .01879 .4 146 5 .45  36.96  
149 5 .37  36.42

098
098

.273

.266
1.85
1.80

29.5 1.74 .23  
030 2.29 .30

36.69 1.825 .265 
91.54 7.51 .30

32 .01580 .4 120 4 .34  35.02  
124 4 .32  34.86

078
079

.217

.213
1.75
1.72

024 1 3  .22  
24.5 1JSZ .28

34.94 1 .7X  .25  
87.18  7 .14 .29

33 .01267 .5 113 4 .0 6  32.77  
118 4 .0 8  32.93

074
075

.204

.2 0 2
1.65
1.63

018 1.00 .19 
018 1.27 .24

32.85 1.64 .215 
81.96  6 .75  .25

34 .00953 .7 117 4 .2 2  32.84  
121 4 .20  32.68

084
085

.233

.230
1.81
1.79

012 .65  .16
013 .8 6  .22

32 .76  1.80 .19  
81 .74  7.41 .22

35 .00719 1.5 184 7 .26  36.27
185 7 .05  35.23

120
121

.335

.330
1.67
1.65

008 .43  .15
009 .58  .21

35.75 1.66 .18  
89.20 6 .83  .21

36 .00453 1.5 121 4 .3 8  34.88  
121 4 .2 0  33.44

077
078

.213

.212
1.70
1.69

006 .32  .16
007 .44 .22

34.16 1.695 .19  
85.23 6 .97  .22

37 .00180 4 114 4 .0 9  34.08
115 3 .96  33.00

082
084

.228

.227
1.90
1.89

002 .11 .14  
1.5  .10 .13

33.54 1.895 .1 X  
83 .68  7 .80  .15

38 .00046 14 083 2 .83  34.36  
085 2 .79  33.88

090
091

.250 3.04  

.246 2 .99 -  -  - 34.12 3.215 -
85 .13  12.40 -

127

92.70 92.16 7 .48 .37 

101.71 92.06 7.61 .33 

75.86 91.88 7.72 .40

97.41 92.24 7.39 .37 

93.28 92.27 7.36 .36 

100.68 92.02 7.34 . 64

93.70 92.32 7.33 .35

102.61 92.26 7.42 . 32 

99.35 92.14 7.56 .30

94.61 92.15 7 .55  .31 

88.96  92.13 7 .59 .28  

89.37 91.46 8 .29  .25  

96.24 92.68 7 .10 .22

92.42 92.22 7 .54  .24  

91.63 91.32 8.51 .16  

97.53 87.29 12.71 -
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EXPLANATION FOR TABLE D-10

A p la te  number
"1“ designates o ld e s t p la te  in series

B weignt o f p la te  (grams)
B' volume o f o r ig in a l 25 ml s o lu tion  added to  20 ml a liq u o t fo r  calcium and magnesium determ ina­

tio n s  (ml)

C raw absorbance measurements of calcium in re p lic a te  (atomic absorbance u n its )
C' concentrations o f Ca present in s o lu tio n , converted from re p lic a te  readings (u g /m l)
C” weight percent Ca calcu la ted  fo r  each re p lic a te  [note th a t  volume o f o r ig in a l so lu tion  added 

to  20 ml a liq u o ts  o f d is t i l le d  water fo r  Ca analysis  v ar ie d ; hence d i lu t io n  fa c to r  used in 
th is  c a lc u la tio n  varied  fo r  each p la te ; see column B1]

0 raw absorbance measurements o f magnesium in re p lic a te  (atom ic absorbance u n its )
O' concentrations o f Mg present in so lu tio n , converted from re p lic a te  readings (u g /m l)
0" weight percent Mg calcu la ted  fo r  each re p lic a te  [measurements fo r  Mg from s o lu tio n  used fo r

Ca; see note regarding d ilu t io n  fa c to r  fo r  C“ ]

E raw absorbance measurements o f strontium  in re p lic a te  (atom ic absorbance u n its )
E' concentrations o f Sr present in s o lu tio n , converted from re p lic a te  readings (u g /m l)
E" weignt percent Sr calcu la ted  fo r  each re p lic a te  (no d i lu t io n  fa c to r;  o r ig in a l 25 ml s o lu tion  used]

F mean weight percent Ca and corresponding mole fra c tio n  Ca x 1001 fo r  each p la te
F' mean weight percent Mg and corresponding mole fra c tio n  Mg x 1001 fo r  each p la te
F" mean weight percent Sr and corresponding mole fra c tio n  Sr x 100% fo r  each p la te

G to ta l  of mole fra c tio n s  o f a l l  cations analyzed fo r  each p la te

H mole percent Ca fo r  each p la te
H' mole percent Mg fo r  each p la te
H" mole percent Sr fo r  each p la te
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Table

A B B ’

1 .00455 5

2 .00504 5

3 .00573 6

4 .00913 9

5 .00540 5

6 .00866 9

7 .01102 11

8 .01149 11

9 .00968 10

10 .01181 12

11 .00969 10

12 .01736 17

13 .01280 13

1 4  . 0 2 2 9 4  2 3

15 .02780 28

16 .03258 33

17 .03410 34

18 .03844 38

19 .04886 50

071 2 .57  31.01 
073 2.53 30.53

058
056

.156 1.88  

.165 1.99
033 1.98 
036 2.03

.25

.25

083 3.06 33.97  
086 3.03 33.63

070
067

.189 2 .10  

.198 2 .20
045 2.76  
049 2.84

.28

.28

082 3.02 35.29  
086 3.03 35.40

075
071

.204 2 .38  

.211 2 .47
047 2.89  
049 2.84

.30

.30

091 3 .38 37.11 
095 3.40 37.33

081
077

.221 2 .43  

.229 2.51
050 3.11
051 2.97

.31

.29

096 3.61 37.10  
098 3.52 36.18

083
078

.226 2.32  
.232 2 .38

050 3.11 
052 3.03

.29
.28

096 3.56 40.88  
098 3.52 40.42

087
081

.237 2 .72  

.242 2 .78
044 2.79  
046 2.66

.29

.28

088 3.27 36.30 
090 3.20 35.52

077
072

.209 2.32  

.213 2 .36
049 3.03  
051 2.97

.30

.30

081 2.98 31.64 
083 2.93 31.11

075
070

.204 2.17  

.208 2.21
046 2.82  
049 2.84

.27

.27

083 3.06 35.02  
086 3.03 34.67

070
067

.189 2.16  

.198 2 .27
046 2.82  
049 2.84

.29

.29

086 3 .18 35.90  
088 3.12 35.22

073
070

.198 2.24  

.208 2 .35
047 2.89  
050 2.91

.29

.30

085 3.14 35.93  
088 3.12 35.70

071
069

.192 2 .20  

.204 2 .33
045 2.76  
048 2.78

.28

.29

088 3.27 35.46  
093 3.32 36.00

075
072

.204 2.21  

.213 2.31
047 2.89  
049 2.84

.28

.28

087 3.23 36.41 
090 3.20 36.08

071
068

.192 2 .16  

.2 0 2  2 .28
047 2.89  
047 2.72

.29

.28

086 3.18 35.45 
088 3.12 34.78

070
067

.189 2.11 

.198 2.21
047 2.89  
049 2.84

.29

.29

086 3.18 35.55  
089 3.16 35.33

071
069

.192 2 .15  

.204 2 .28
047 2.89  
050 2.91

.29

.29

091 3.38 37.98  
093 3.32 37.30

075
071

.204 2 .29  

.211 2 .37
047 2.89  
050 2.91

.29

.29

092 3.42 37.85
093 3.32 36.74

077
075

.209 2.31 

.222 2 .46
047 2.89  
051 2.97

.29

.30

090 3.34 36.69  
092 3.28 36.03

072
070

.195 2.14  

.208 2 .28
048 2.97  
052 3.03

.29

.30

090 3.34 37.91 
093 3.32 37.68

077
074

.209 2.37  

.220 2 .50
046 2.82  
049 2.84

.29

.29

series.

H H’ H*

90.34 9.37 .29

90.19 9.47 .34  

89.5210.13 .35  

89.84 9.83 .33  

90.14 9.53 .33  

89.70 10.00 . 29 

89.99 9.67 .34  

89.36 10.29 .35  

90.21 9.45 .34  

90.07 9 .58  .35

90.25 9.41 .33

90.26 9 .42 .32

90.53 9.14 .33  

90.48 9.18 .34

90.35 9.31 .34 

90.45 9.24 .32  

90.16 9.51 .33  

90.58 9 .08 .34

M.'m &SF.'S 10165 90' 11 9-57 32
next  page

5-10: Chemical analyses of S. jpu'ipuAatai: interambulacral
(data graphed in Figure 13)

30.77 1.906 . 25
76.77 7.96 .29

33.80 2.15 .28  
84.33 8 .85 .32

35.345 2.425 . 30 
88.19 9 .98  .34

G

84.98

93.50

98.51

37.22 2.47 .30 „ „  , ,  
92.86 10.16 . 34 103 ■36

36.64 2.35 .286
91.42 9.67 .33

40.65 2.75 .286 n,
101.42 11.31 .33 1uub

35.91 2.34 .30 QQ , ,  
89.60 9.63 . 34

31.375 2.19 .27 Q,  
78.28 9.01 .31 8 / ' 60

34.845 2.215 .29 Q,  , Q 
86.94 9.11 .33 9b-38

35.56 2.295 .296 Q0 , n
88.72 9.44 . 34 98-50

35.815 2.266 .2B6 QQ n, 
89.36 9.32 . 33 " - 01

35.73 2.26 .28 Q0 , ,  
89.15 9.30 .32 98* / /

36.245 2.22 .285 flQ 
90.43 9.13 . 33 " • 89

35.115 2.16 .29 
87.61 8 .89  .33 96.83

35.44 2.215 .29 Q7 
88.42 9.11 .33 * / *80

37.64 2 .33  .29  
93.91 9 .59  .33 * tt8 J

37.296 2.386 .296 
93.05 9.81 .34 103.20

36.36 2.21 .295 m  . ,  
90.72 9 .09  . 34
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20 .05221 52
089 3.31 36.60 
092 3.28 36.27

072 .195 2.16 
069 .204 2.26

049 3.03 .30 
051 2.97 .30

36.436 2.21 
90.91 9.09

.30

.34 «&34 90.60 9.06 .34

21 .04911 50
105 3.99 45.10 
110 4.03 45.55

087 .237 2.68 
083 .248 2.80

047 2.89 .29 
050 2.91 .30

45.325 2.74 
113.09 11.27

.296

.34 124.70 90.69 9.04 .27

22 .05386 54
090 3.34 37.14 
095 3.40 37.81

075 .204 2.27 
073 .213 2.37

048 2.97 .30 
051 2.97 .30

37.475 2.32 
93.50 9.55

.30

.34 KB. 39 90.43 9.24 .33

23 .06817 68
086 3.18 35.19 
091 3.23 35.75

072 .195 2.16 
071 .211 2.34

043 2.63 .26 
051 2.97 .30

35.47 2.25 
88.50 9.26

.28

.32 98.08 90.23 9.44 .33

24 .06881 68
091 3.38 37.08 
093 3.32 36.42

074 .202 2.22 
071 .211 2.31

049 3.03 .30 
052 3.03 .30

36.75 2.255 
91.69 9.32

.30

.34 101.34 90.48 9.20 .34

25 .06119 60
094 3.52 38.31
095 3.40 37.00

078 .213 2.32 
075 .222 2.42

049 3.03 .30 
052 3.03 .30

37.665 2.37 
93.95 9.75

.30

.34 104.04 90.30 9.37 .33

26 .06098 60
091 3.38 36.90 
093 3.32 36.25

077 .209 2.28 
074 .220 2.40

050 3.11 .31 
052 3.03 .30

36.575 2.34 
91.25 9.63

SB
.35 101.23 90.14 9.51 .35

27 .07213 72
088 3.27 36.25 
091 3.23 35.80

071 .192 2.13 
067 .198 2.19

050 3.11 .31 
053 3.10 .31

36.025 2.16 
89.88 8.89

.31

.35 99.12 90.68 8.97 .35

20 .06268 62
090 3.34 36.66
091 3.23 35.45

070 .189 2.07 
068 .202 2.22

050 3.11 .31 
052 3.03 .30

36.065 2.145 .305 
89.96 8.83 .35 99.14 90.74 8.91 .35

29 .06146 62
090 3.34 37.38 
092 3.26 36.70

072 .195 2.18 
068 .202 2.26

050 3.11 .31
051 2.97 .30

37.04 2.22 
92.42 9.13

SB
.35 101.90 90.70 8.96 .34

30 .06799 68
091 3.38 37.52
092 3.28 36.41

069 .186 2.06 
066 .196 2.18

049 3.03 .30 
052 3.03 .30

36.965 2.12 
92.23 8.72

.30

.34 101.29 91.06 8.61 .34

31 .06169 62
085 3.14 35.02
086 3.03 33.80

065 .175 1.95 
062 .183 2.04

048 2.97 .30 
051 2.97 .30

34.41 1.995 .30 
85.85 8.21 .34 94.40 90.94 8.70 .36

32 .05714 56
098 3.68 40.06
099 3.57 38.86

075 .204 2.22 
072 .213 2.32

054 3.38 .33 
057 3.36 .33

39.46 2.27 
98.45 9.34

.33

.38
KB.'7 91.01 8.63 .35

33 .05538 55
088 3.27 36.03
089 3.16 34.83

067 .181 1.99 
065 .192 2.12

048 2.97 .29 
053 3.10 .31

35.43 2.055 
88.40 8.46

.30

.34 97.20 90.95 8.70 .35

34 .05415 54
084 3.10 34.28
085 3.01 33.29

065 .175 1.94 
062 .183 2.02

047 2.89 .29 
050 2.91 .29

33.785 1.98 
84.29 8.15

.29

.33 92.77 90.86 8.79 .36

35 .04994 50
085 3.14 34.92 
088 3.12 34.70

064 .172 1.91 
062 .163 2.04

049 3.03 .30 
052 3.03 .30

34.81 1.975 
86.85 8.13

.30

.34 95.32 91.11 8.53 .36

36 .04518 45 089 3.31 36.58 
091 3.23 35.69

071 .192 2.12 
068 .202 2.23

048 2.97 .30 
051 2.97 .30

36.135 2J65 
90.16 8.91

.30

.34 99.41 90.70 8.96 . 34

37 .04611 46 085 3.14 34.78 
087 3.08 34.11

065 .175 1.94 
062 .183 2.03

049 3.03 .30 
052 3.03 .30

34.445 1.985 
85.94 8.17

.30

.34 94.45 90.99 8.65 . 36

38 .03522 35 090 3.34 36.86
091 3.23 35.65

073 .198 2.19 
070 .208 2.30

046 2.82 .28 
049 2.84 .28

36.255 2.245 
90.46 9.24

> .28 
.32 100102 90.44 9.24 . 32

39 .03281 33 087 3.23 36.07
088 3.12 34.84

070 .189 2.11 
067 .198 2.21

047 2.89 .29 
051 2.97 .30

35.455 2.16 
88.46 8.89

.296

.34 97.69 90.55 9.10 . 35

40 .02575 26 085 3.14 35.12
086 3.03 33.89

065 .175 1.96 
062 .183 2.05

047 2.89 .29 
051 2.97 .30

34.505 2j005 
86.09 8.25

.295

.34 94.68 90.93 8.71 . 36

n e x t  page
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41 .02264 23 088 3 .27  36.94
089 3 .16  35.70

065
062

.175 2 .02  

.183 2 .07
046 2.82  
050 2.91

.29

.30
36.32 2 j045 .295 
90.62 8.41 .34 99.37 91.19 8.46

42 .01754 18 080 2 .94  33.57 
082 2 .88  32.88

057
055

.152

.162
1.74
1.85

047 2.89  
051 2.97

.30

.31
33.225 1795 
82.90 7.39

705
.35 90.64 91.46 8.15

43 .01621 16 092 3 .42  37.49 
094 3 .36  36.84

068
064

.183 2.01  

.189 2 .07
049 3.03  
052 3.03

.30

.30
37.165 2.04  
92.73 8 .39

.30

.34 101.46 91.40 8.27

44 .01005 10 091 3 .38  37.15  
093 3 .32  36.49

063
061

.169

.179
1 .8 6
1.97

047 2.89  
049 2.84

.29

.28
36.82 1.915 
91.87 7 .88

.286

.33 100.08 91.80 7.87

45 .00564 6 084 3 .10  36.87  
086 3 .03  36.04

064
062

.172 2 .05  

.183 2 .18
046 2.82  
048 2.78

.30

.30
36.455 2.115 
90.96 8 .70

.30

.34 m o o 90.96 8.70

46 .00228 2 089 3.31 31.95
090 3.20 30.89

069
065

.186

.192
1.80
1.85

054 3.38 
059 3.49

.29

.30
31.42 1.825 . 295 
78.39 7.51 .34

86.24 90.90 8.71
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Figure d-11- ( a) CaC03 composition (weight percent) o f  an in terambulacra l se r ies :  S. knancAAcamA,
w ith  (B) corresponding res idua l values.
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Figure d-12 - (A) MgC03 composition (weight percent) o f  an in terambulacral se r ies : S. faanclicanuA,
w ith  (B) corresponding residua l v a lu e s .
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Figure D-13. (A) SrCOg composition (weight percent) o f  an in terambulacral se r ies :
w ith  (B) corresponding res idua l values.
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Figure D-14-. (A) FeC03 composition (weight percent) o f  an in terambulacral se r ies :  S. ^nanclicanui,
w ith  (B) corresponding res idua l values.
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Figure D-15. (A) MnC03 composition (weight percent) o f  an in terambulacral se r ies :  S. (inanclscanu*,
w ith  (B) corresponding res idua l values.



Table D-16: Mg:Ca ra t io s  o f  S-tAongc/Zoczn^Lotca species ( in terambulacra ls)

D

1
2
3
4
5
6
7
8
9
10 
11 
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

10.86
10.32 
10.86
10.32 
10.44 
10.49 
10.47 
10.41
10.05 
10.63
9.93

10.05
9.82 
9.76 
9.89

10.69
10.27
10.97 
9.46
9.52
9.83 
9.61
9.52
9.45 
9.19

11.33 
9.48 
9.30 
9.69 
9.60
9.53
9.46
9.10 
9.17
8.97
9.11 
9.29

11.06
10.08
9.97

10.10
10.71 
10.86
10.72 
10.61 
10.57 
10.45 
10.52 
10.44 
10.13

9.84
10.03
11.17
9.67
9.67
9.49
9.78 
9.52
9.60
9.78
9.61 
9.54

10.00
9.68
9.49 
9.44

10.01
9.42
9.35
9.38
9.30
9.94

9.41

10.37 
10.50 
11.32 
10.94
10.57
11.15 
10.75 
11.52
10.48 
10.64
10.43
10.44 
10.10
10.15 
10.30 
10.22
10.55 
10.02 
10.62
9.78
9.97

10.22
10.46
10.17
10.38
10.55 
9.89 
9.82
9.88 
9.46
9.57
9.48
9.57 
9.67 
9.36
9.88 
9.51

10.22
10.05
9.58 
9.28 
8.91 
9.05
8.57 
9.56
9.58

Explanation:

A: plate number ("1" is  always oldest p la te )
B: ra tios  fo r  5. cUcoebackizn^^oi (mole percents in Table D-8)
C: ra tios  fo r  S. ^tatacx^catoiti (mole percents in Table 0 -7 )
D: ra tios  fo r  S. putipuActfuA (mole percents in Table 0-10)
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Table D-17: Mg:Sr ra t io s  o f  StAongylocen&io&u species ( in te ram bulacra ls )

A B C D

1 2.71 3.03 3.23
2 2.82 2.67 2.79
3 2.71 2.88 2.89
4 2.82 3.67 2.98
5 2.77 2.93 2.89
6 2.87 2.77 3.45
7 2.55 2.62 2.84
8 2.53 2.77 2.94
9 2.46 2.67 2.78
10 2.59 2.57 2.74
11 2.81 2.58 2.85
12 2.53 2.57 2.94
13 2.55 2.44 2.77
14 2.40 - 2.70
15 2.42 2.45 2.74
16 2.67 2.57 2.89
17 2.58 2.75 2.88
18 2.43 2.44 2.67
19 2.27 2.52 2.99
20 2.41 2.45 2.67
21 2.41 2.50 3.35
22 2.43 2.39 2.80
23 2.34 2.56 2.86
24 2.21 2.48 2.71
25 2.40 2.26 2.84
26 2.82 2.25 2.72
27 2.33 2.53 2.56
28 2.36 2.51 2.55
29 2.32 2.48 2.64
30 2.36 2.34 2.53
31 2.28 2.85 2.42
32 2.39 2.37 2.47
33 2.31 2.24 2.49
34 2.39 2.37 2.44
35 2.28 2.44 2.37
36 2.37 2.55 2.64
37 2.57 - 2.40
38 — 2.55 2.89
39 - - 2.60
40 — — 2.42
41 — — 2.49
42 - — 2.09
43 — — 2.43
44 - — 2.39
45 - — 2.56
46 — — 2.23

Explanation:

A: plate  number ("1" is  always oldest p la te )
B: ra t io s  fo r  S. d̂ LOC.bcLch îQ.n -̂ci (mole percents in Table D-8)
C: ra tios  fo r  S. ^an cU & can u i (mole percents in Table D-7)
D: ra t io s  fo r  S. puApuMtfu.4 (mole percents in Table D-10)
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